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ABSTRACT
TIDAL AND SUB TIDAL LATERAL STRUCTURES OF DENSITY AND 
VELOCITY IN THE CHESAPEAKE BAY ENTRANCE
A. Cristobal Reyes-Hemandez 
Old Dominion University, 2001 
Director: Dr. Amoldo Valle-Levinson
Hydrographic and velocity data collected along the Chesapeake Bay Entrance during 
seven 25-hours cruises centered around neap or spring tides, were used to assess the 
fortnightly variability in the transverse structure of the tidal and subtidal density and 
velocity fields. Amplitude and phase of the semidiurnal and diumal harmonics reflected 
the influence of bathymetry, buoyancy conditions and fortnightly variability. Tidal 
amplitudes were almost twice as large in springs than in neaps. Both Chesapeake and 
North Channels had similar along-channel amplitudes, which suggested a higher 
vertically integrated mixing energy in North Channel. Tidal velocity convergences were 
more intense for springs than for neaps, and also for low than high buoyancy input 
conditions. In terms of subtidal properties, the vertical stratification showed fortnightly 
variability in North Channel (increased during neaps) but not in Chesapeake Channel. 
Consequently, the transverse density gradients and the transverse velocities were stronger 
during springs than during neaps. These patterns were likely linked to stronger 
gravitational circulation in Chesapeake Channel during springs and in north Channel 
during neaps. The shallow regions, Middle Ground and Six-Meter Shoal, usually stayed 
vertically homogeneous and velocity was unidirectional through the water column. The 
A simple 2-dimensional linear model based on the balance between the horizontal 
density gradient and vertical friction along the channel, and a balance among horizontal 
density gradient vertical friction and Coriolis acceleration was solved for an analytical 
bathymetry similar to that of the Chesapeake Bay. Results from the model were 
consistent with the main characteristics of the observed subtidal velocity.
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1 INTRODUCTION
1
1.1 General description of the problem
Water exchange through the Chesapeake Bay entrance is subject to different 
forcing mechanisms: river discharge, winds, sea level atmospheric pressure, and tides, 
and is modulated by bathymetry and earth’s rotation. These factors combine to give the 
density and velocity fields a variable lateral structure. On wide estuaries lateral 
variability is observed at different time scales, as result of the dominant periods of the 
different forcing mechanisms. Irregular bathymetry alone is known to produce lateral 
shear in the longitudinal tidal velocity, differential advection of density, areas of different 
mixing energy, and tidal velocity phase differences, which consequently produce zones 
of convergence, fronts and transverse circulation that tends to homogenize the lateral 
structure.
In the last decade the use of the Acoustic Doppler Current Profiler (ADCP), 
combined with navigation data, made the task of investigating the lateral structure of 
velocity in estuaries, bays and fjords with quality and refinement not easily accomplished 
in the past. An important factor in this success is that the short transverse section length, 
typical of those basins, and the navigation speed, permit the repetition of sampling 
sections at acceptable frequencies to describe semidiurnal and diurnal tidal forcing, as 
well as their tidal mean flow.
This study focuses on the fortnightly variations of the lateral characteristics of the 
semidiurnal and diurnal tidal harmonics, and of the lateral characteristics of the subtidal 
flow subject to similar buoyancy input and wind forcing conditions. Special emphasis 
is placed on the transverse flows. A simple linear two-dimensional analytical model is 
used to analyze the effect of the main forcing mechanisms over a bathymetry similar to 
that of the Chesapeake Bay entrance.
The Journal o f Geophysical Research was used as the Journal Model
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21.2 Generalities of Chesapeake Bay
Chesapeake Bay is a drowned river valley estuary (Dyer, 1973) about 300 km 
long. River discharge into the Chesapeake Bay derives from about 50 major tributaries, 
however, only three rivers: Susquehanna, Potomac and James account for 82% of the 
total input to the Chesapeake Bay (Schubel and Pritchard, 1986). The average seasonal 
discharge, 1992-1998, indicates the maximum occurs around March-April (~5000 m V ), 
and the minimum around July-October (~1000 m3s '1; Locamini et al., 1998). Based on 
circulation and stratification, the Chesapeake Bay has been classified as a partially mixed 
estuary (Pritchard, 1965). Recent monthly hydrographic observations at the Chesapeake 
Bay Mouth (Valle-Levinson ei al., 1995 a,b,c; Reyes-Hemandez and Valle-Levinson, 
1997 a,b) suggest that the Lower Chesapeake Bay varies from a vertically stratified 
estuary around April, to a vertically homogeneous (Pritchard, 1965) around October; the 
partially mixed estuary phase occurring between those two conditions. Within time scales 
varying from one to several days, circulation in the bay is dominated by tides, 
atmospheric forcing and river discharge. The density within the bay, mainly controlled 
by salinity, responds to the main forcing mechanisms at different time scales and is 
complicated by the interaction with bathymetry. The bathymetry of the bay at its 
entrance (Figure 1), from south to north consists of the Chesapeake Channel, about 30 
m deep, the Middle Ground, about 10 m deep, the Six-Meters Shoal, about 6 m deep and 
the North Channel, about 14 m deep.
1.2.1. Tidal circulation
Comprehensive studies on tidal circulation in the Chesapeake Bay have been 
made by Hicks (1964), Fisher (1986), and Browne and Fisher (1988). Some of the tidal 
characteristics described by them are summarized here. The tidal wave propagates from 
the mouth of the Chesapeake Bay to the mouth of the Susquehanna River in 
approximately 14 lunar hours; given the length of the bay, this implies a phase 
propagation C of ~5.7 ms'1. The phase speed for a frictionless wave propagation (C=v/gh) 
would require a mean depth of about 3 m, which is a sub-estimation of the mean depth 
of the Chesapeake Bay, which is about 6.5 m (Cronin, 1971). Tidal circulation in the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3Chesapeake Bay is observed as a superposition of incident and reflected Kelvin waves 
damped by friction. The main constituents of the wave propagation are the M2 and K1 
constituents, the M2 being the most important of the two. The tidal amplitude of the K1 
constituent is about 14% of the M2 at the Chesapeake Bay Entrance. Also, tidal currents 
due to the K1 constituent are on average about 20% of those produced by the M2 
constituent. Because the predominant period of the tidal wave is 12 lunar hours, “a crest 
does not quite traverse the length of the Bay before the following crest enters at the 
Capes” (Carter and Pritchard, 1988); therefore, the bay can contain a complete 
semidiurnal tidal wave and a half diurnal tidal wave.
The coamplitude and cophase lines of the M2 constituent, as reported by Browne 
and Fisher (1988), indicate virtual amphidromes in the peninsulas west of the Severn 
River and the shoreline between the Potomac and Rappahannock Rivers. The locations 
of the virtual amphidromic points are about 9 km south of those for an idealized 
frictionless wave. Coamplitude and cophase lines of the K1 tidal constituent indicate just 
one amphidrome located in the peninsula northwest of Smith Point, about 18 km south 
of the theoretical location of a frictionless wave.
The M2 amplitude at the Chesapeake Bay entrance is 0.42 m. Maximum M2 
flood currents in the southern Bay approach spatial average of 0.56 ms'1 but can reach 
1 ms'1 in some places. At the Chesapeake Bay entrance, the M2 high water tide precedes 
maximum M2 tidal flood currents at the near surface by about one hour. Two distinct 
flood currents are observed at the Chesapeake Bay entrance as described by Boicourt 
(1981). One current is directed toward Hampton Roads and the other to the north, up the 
longitudinal axis of the bay. Frictional effects on tidal currents are observed through the 
tidal current cophase line, which has a pronounced curvature toward the bay entrance; 
so that in any given transect across the bay, the most delayed M2 current phases are in 
the center of the bay over the deepest channels, while the earliest M2 current phases 
occur at current stations closest to both shores and in the shallowest waters. This same 
phenomenon occurs with the change in M2 current ellipse patterns with depth. The phase 
of the M2 flood current shows increased advancement with depth. At springs (neaps) 
tidal current amplitudes are about 30 to 40% higher (lower) than the average values 
(Carter and Pritchard, 1988).
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Figure 1. The Chesapeake Bay entrance, plan view (lower panel), and its 
sectional bathymetry (top panel). The line in the lower panel shows the 
sampling transect.
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51.2.2 Atmospheric Forcing
1.2.2.1. Wind driven currents
Wang and Elliott (1978) and Elliott and Wang (1978), using sea level, current 
meter, and wind stress data from the Chesapeake Bay and Potomac River, showed that 
the surface elevation, the near bottom velocity currents and the wind stress have power 
spectra with peaks at similar frequencies. Surface elevation fluctuations at time scales 
of 20-day or longer result from Ekman Transport produced by wind blowing along the 
coast. Sea level at the bay mouth is increased by northerly wind, and decreased by 
southerly wind. Five-day fluctuations near the bay mouth are related to local north-south 
or east-west winds. An increase of sea level in the upper bay is associated with winds 
blowing to the west, while a decrease of sea level in the same point is caused by 
westerly winds, suggesting that Ekman effects within the bay influence the surface 
elevation in the upper bay. Fluctuations of 2.5 days which decrease from the head to the 
mouth of the bay, are generated by local north-south winds; Elliott and Wang (1978) 
based on the estimation of the velocity of propagation of the tidal wave (i.e. C=480 
km/day, see subsection 1.2.1), estimated that these events are in the natural period of 
oscillation of the bay. Chuang and Boicourt (1989) used an analytical one-dimensional 
model to show that in a channel of similar shape to the Chesapeake Bay, that is, 
composed of two sections: one north-south oriented and wind free, the other east-west 
oriented and wind forced, seiche oscillations in the north-south oriented section can be 
triggered by the wind driven velocity produced in the east-west oriented section.
Goodrich (1987), compared the seaward transport through the Chesapeake Bay 
Entrance from observed current velocities, numerical models, and the rate of change of 
the low-pass filtered sea level data from NOAA tide gauges at three stations in the bay. 
The transport estimated from current velocities, 5060 m V 1, for a period of relatively 
weak wind was within the magnitude of the transport obtained from numerical models 
considering gravitational circulation only. However, for intense wind conditions transport 
estimations from tide gauges showed up to a 10-fold increase. The contribution of fresh 
water to the seaward transport was small compared to wind-induced transport, even for 
high fresh water discharge.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
6Paraso and Valle-Levinson (1996), compared sea surface temperature records 
from July 8 to September 21, 1992, from two NOAA stations: the Chesapeake Bay 
Bridge Tunnel (CBBT) inside the bay, and the Chesapeake Light Tower (CLT) outside 
the bay. A positive difference between the inner and outer stations along the record, 
indicated warmer surface water in the bay. This pattern however, was altered when a 
significative drop in surface temperature (~8 C) occurred at the CLT as result of 
upwelling produced by persistent southwesterly winds. For shorter periods of time 
however, increments of temperature at the CLT were related to warm pulses of water 
from the bay and subinertial sea level drops, driven by southwesterly wind. Surface 
temperature drops at the CBBT were related to northeasterly wind and subinertial 
increase of the sea level.
1.2.2.2 Inverse Barometer effect
A study of the contribution of barometric pressure to sea level changes and 
therefore to barotropic driven currents at the Chesapeake Bay mouth for the summer of 
1992 was performed by Paraso and Valle-Levinson (1996). Their results indicate that sea 
level changes due to variation in the atmospheric pressure are small but significant in 
relation to sea level changes produced by wind forcing. The correlation between the sea 
level observed at the Chesapeake Bay Bridge Tunnel and the predicted sea level 
increased from 0.64 to 0.76 when in addition to the wind stress contribution, the effect 
of atmospheric pressure was included.
1.2.3 River Discharge
River discharge into the Chesapeake Bay derives mainly from the Susquehanna 
River, the Potomac River, and the James River. Input from the Susquehanna River 
accounts for about 50% of the total input, the Potomac and the James River contribute 
with 18% and 14% of the total input respectively (Schubel and Pritchard, 1986; Hargis, 
1980). Therefore, salinity variations are, to a large extent, driven by flow variations of 
the Susquehana River (Gibson and Najjar, 1999). Using tidal sea level and runoff data 
from the Chesapeake, Delaware, and Narragansett Bays, Goodrich (1988) concluded that
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7at seasonal or yearly time scales, salinity is controlled by variations in the runoff through 
gravitational circulation. The Susquehanna has a long-term mean average discharge of 
1099 m'3s, but the river discharge exhibits large seasonal and year-to-year variations 
(Schubel and Pritchard, 1986). Data from the United States Geological Survey (USGS, 
1999) indicate that the seasonal discharges of the Potomac River and James River show 
similar fluctuations to those of the Susquehanna River. The 1982-1998 average of the 
total river discharge into the Chesapeake Bay (Locamini et al., 1998), shows a seasonal 
variation typical of mid-latitude rivers, consisting of high flow in spring (about 5000 m' 
3s) in March or April, and low to moderate flow in the rest of the year. A broad 
minimum (about 1000 m'3s) is observed between July and October. Schubel and 
Pritchard (1986) indicate that often a secondary river discharge is observed in late fall 
or early winter.
Schubel and Pritchard (1986), described the response of the Upper Chesapeake 
Bay (the region encompassed by the mouth of the Susquehanna River at Havre de Grace 
to the mouth of the Potomac River). Part of their observations is summarized here. The 
increase in river discharge tends to produce a seaward displacement of the leading edge 
of salt water, or intensification of the longitudinal salinity gradient and also of the 
vertical density gradient. Reduction in the river discharge produces a quick salt water 
rebound with the up-bay directed advance in the lower layer more rapid than in the upper 
layer. In consequence, the vertical stratification increases as the flow decreases 
immediately following the time of peak flow. The time of recovery in the Upper Bay is 
of few tidal cycles, but in the Lower Bay the recovery is slower. Gibson and Najjar 
(1999) used an autoregressive statistical model to estimate the salinity response to 
changes in river discharge in the Chesapeake Bay. They found that by increasing the 
mean annual river discharge by 42% the seasonal variation of salinity is reduced and the 
phasing is modified, with winter reductions in salinity tending to last longer. An increase 
of 24% in the annual mean river discharge would produce an increased seasonal variation 
in salinity, but not changes in the phase. Both scenarios, annual river increase of 42% 
and 24%, would decrease salinity by about 0.5 to 1% near the bay entrance. A reduction 
in the annual river discharge of 7% would decrease the seasonal variation of salinity and 
its phase, with summer salinity increase lasting longer. Near the bay entrance salinity 
would increase by 0.2 to 5%.
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81.2.4 Spring-Neap Tidal Modulation
Goodrich and Blumberg (1990), observed that the gravitational circulation in the 
Chesapeake Bay may be modulated by wind forcing at time scales of 15 days, thus 
making it difficult to differentiate wind-induced modulation from tidally induced 
modulation. The gravitational circulation in the mid Chesapeake Bay is modified by local 
wind direction: southerly wind decreases gravitational circulation while northerly wind 
increases it (Wang, 1979a,b; Goodrich and Blumberg, 1990). Despite the difficulties in 
separating wind from fortnightly modulation several observations within the Chesapeake 
Bay have discriminated the tidal fortnightly variability. Haas (1997) observed biweekly 
variability in the stratification “closely related to the spring-neap tidal cycle" in the 
narrow and shallow James, York, and Rappahannock rivers. The variability consisted of 
complete mixing around four days after high spring tides and stratification after neap 
tides. Similar results were found in the Upper York River Estuary by Sharpies et al. 
(1994). In the lower Chesapeake Bay, temperature and flow variations during the 
summer, were apparently produced “by the modulation of the gravitational circulation 
by the spring-neap tidal cycle”. The gravitational circulation being better developed 
during neap tides than during spring tides (Valle-Levinson, 1995). The comparison of sea 
surface temperature records between the NOAA stations, Chesapeake Bay Bridge Tunnel 
(CBBT), and Chesapeake Light Tower (CLT), made by Paraso and Valle-Levinson 
(1996), related the differences of temperature to wind direction, however, the temperature 
gradient was consistently low when spring tides occurred. In terms of transverse 
dynamics, Valle-Levinson et. al, (1999) found that subtidal transverse flow in the James 
River is quasi-geostrophic during neap tides, and influenced by non-linearities during 
spring tides.
Fortnightly variability seems to be common to a variety of coastal regions. In the 
Saint Lawrence River estuary, the typical fortnightly modulation observed at deep water 
stations like Port aux Basques vanish toward the up river stations like Trois Rivieres and 
Montreal (LeBlond, 1979). Stronger currents during spring tides relative to neap tides, 
increase the available tidal mixing energy, reducing therefore stratification and the 
dispersive potential of estuaries (Bowden, 1977). Nunes and Lennon (1987) showed that 
fortnightly variability is also observed in environments of variable turbulence like the
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9Spencer Gulf, where the fortnightly shutdown of turbulence produces the development 
of stratification accompanied by enhanced gravitational circulation.
1.2.5 Lateral variability of the density and velocity fields
The effects of irregular topography on estuarine circulation were initially investigated by 
Fischer (1972). He noticed that because the longitudinal pressure gradient depends on 
depth, a net transverse circulation must be generated, and that this transverse circulation 
is the most important mass transport mechanism in many estuaries. The importance of 
the transverse circulation on the mass transport was inferred by comparing the theoretical 
magnitude of the longitudinal dispersion coefficient with the estimated longitudinal 
dispersion coefficient from observations at the partially mixed Mersey Estuary, England. 
Similar results were found by Lewis (1979), in the partially mixed Tees Estuary, 
England. In well-mixed estuaries the longitudinal dispersion coefficient is found to 
depend on the width of the estuary: The longitudinal dispersion coefficient reduces from 
a value associated with transverse shear of the tidal current to a value associated with 
oscillatory vertical shear, as the width of the estuary increases (Smith, 1980). This author 
indicated that faster flows in the deeper channel compared to the shoals produce 
transverse density gradients and a secondary transverse flow. The secondary flow 
augments the transverse turbulent mixing and tends to reduce the contaminant 
concentration variations across the channel. When buoyancy effects are sufficiently 
strong, the secondary flow leads to an almost uniform contaminant concentration across 
the channel and the dominant contribution to the longitudinal dispersion becomes the 
vertical shear in the buoyancy-driven longitudinal current. A similar pattern seems to 
occur in partially mixed estuaries. Huzzey (1980), found that at times of maximum flood 
and ebb current, the York River is laterally homogeneous, but at other times the density 
of the waters over the shoals and channel regions differ and the maximum gradients 
occur where the bathymetry shows a distinct brake in slope. The generated pressure 
gradients may be of sufficient strength to drive lateral circulation during portions of the 
tidal cycle.
Observations of lateral variability of the subtidal velocity in different estuaries 
show that lateral variations in velocity are closely related to topography. In narrow
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estuaries like the North Inlet, South Carolina or the Tamar Estuary, England (Uncles and 
Kjerfve, 1986; Kjerfve, 1996; Uncles et al., 1986), fast ebb-directed velocities are 
observed over the deep channel and flood directed current over the shallow region. The 
direction of the velocities in the channel occurring as a compensation of the tidallv- 
induced Stokes drift (Uncles and Kjerfve, 1986), also larger velocities occurring in the 
channel due to smaller friction effects. On the other hand in wider estuaries like the 
James River, Delaware Bay or the Lower Chesapeake Bay entrance the pattern of 
circulation resembles that found for the Chesapeake Bay entrance: net inflow through the 
deep channel compensated by net outflow over the shallow region (Boicourt, 1981; 
Goodrich, 1987; Valle-Levinson et al., 1998). However, some variations occur in 
response to freshwater discharge conditions and wind direction. After comparison of 
observed currents and dynamic model outputs, Goodrich (1987) concluded that a large 
fraction of the exchange between the bay and the shelf is due to wind. Valle-Levinson 
et al. (1998), indicated that in the Chesapeake Bay Entrance, transverse variability of the 
velocity is mostly influenced by wind forcing, and proposed two scenarios for the 
subtidal flow: for southwesterly wind conditions seaward flow spread throughout the bay 
entrance and inflow occurs in the deep channels; for non-southwesterly conditions, 
surface seaward flow is located over the channels and inflow occurs in the deep channels 
and in the shoals as result of tidal rectification.
The transverse structure of the subtidal flow in wide estuaries like the Janies 
River, Delaware Bay and Ise Bay, Japan has been fairly approached by linear analytical 
models in estuaries of triangular section (Friedrichs and Hamrick, 1996; Wong, 1996; 
Kasai et al., 2000), some of the findings about lateral structure of velocity are described 
throughout this work. This study extends the study on transverse variability at the bay 
entrance by Boicourt (1981), Goodrich (1987) and Valle-Levinson (1998), by focusing 
on the fortnightly variability of the transverse structure that they propose. A combination 
of observations and a 2-dimensional analytical model for an irregular bathymetry as that 
of the Chesapeake Bay Entrance, is used to address this topic.
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2 OBJECTIVES
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The objectives of this thesis are:
1) To describe the fortnightly variability of the transverse characteristics of the density 
and velocity fields of the Chesapeake Bay entrance at tidal and subtidal scales.
2) To analyze the transverse structure of the subtidal velocity under different forcing 
mechanisms through a simple linear model.
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Data collection was carried out onboard the R/V Holton from Old Dominion 
University and the R/V Cape Henlopen from the University of Delaware along the line 
between Cape Henry and Fishermans Island (Figure 1). Despite the fact that buoyancy 
and wind conditions were different in each cruise, the mean speed of the wind in each 
cruise was relatively weak (around 5 ms'1). A total of seven different data sets,each of 
about 25-hour duration were analyzed (Table 1).
Velocity data were collected by towing a 6 14.4-kHz Broad Band RD Instruments 
acoustic Doppler current profiler (ADCP) during each cruise. The ADCP was mounted 
on a catamaran and towed from the ship’s starboard side. Transducers were about 0.50 
m below the water surface; the first usable bin was at a depth of 1.3 m, and the bin size 
of the velocity profile was 0.5 m. The separation between the catamaran and the boat 
was about 4 m, which minimized the effect of the wake produced by the boat. The speed 
of the ship was about 2.5 ms'1 which gave a spatial resolution for the velocity field of 
75 m with about 5 second-pings averaged over 30 seconds.
Conductivity, Temperature and Depth (CTD) casts were repeatedly performed 
with a Sea-Bird SBE-19 instrument at seven different locations along the transect (Figure 
1), in an attempt to capture the effect of the main bathymetric features. Therefore, 
separation between CTD stations was irregular. The boat stopped for each CTD cast and 
the velocity data recorded during each CTD cast was discarded because of irregular 
change of orientation of the ADCP that affected compass masurements. Each transect 
line was completed in about two hours, and the average time between CTD stations was 
about 23 minutes. Table 1 shows the number of times the transect line was repeated in 
each cruise, which correspond to the number of CTD casts for each station except the 
end stations, 1 and 7, which usually were the number of repetitions minus 4. The CTD 
casts were performed during the complete duration of the 25-hour cruises.
Continuous near- surface temperature and salinity sampling was performed in five 
of the seven cruises (Table 1), using a Sea Bird SBE-1621 thermosalinograph with a 
sampling frequency of 10 seconds. The hose for water collection was maintained about 
30 cm below the surface to avoid air suction due to waves, and the suction of water was 
controlled by the water pump of the ship.
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Table 1- Dates, length of sampling, number of repetitions, tidal, buoyancy and wind 
conditions for the cruises analyzed. Dates with asterisk correspond to cruises when near 
surface salinity and temperature collection was performed using a thermosalinograph.
Cruise No.
hours
No.
rep
Tidal
conditions
Buoyancy
conditions
( m V l)
Mean
wind
direction
Mean
wind
speed
(ins'1)
Sept/09-10/97 * 24.5 14 Neap 607 NE 5
Sept/17-18/97 * 23.9 13 Spring 607 SW 3.1
June/25-26/98 * 24.8 11 Spring 3671 s w 3.7
July/06-07/98 * 20.3 9 Neap 2377 NE 5.4
Sept/30-Oct/01/98 * 22.4 10 Neap 723 SW 6
May/07-08/99 24.3 9 Neap 2377 s w 6.4
Sept/26-27/99 25.7 9 Spring 698 s w 3.1
Velocity data were interpolated to a uniform grid with spacing of 200 m in the 
horizontal and 0.5 m in the vertical. The velocity components were rotated 111’ clockwise 
to align them along and across the main channel; this coincided with the overall direction 
of maximum variability in the tidal currents across the bay entrance. Semidiurnal and 
diurnal harmonics plus a residual or subtidal flow were fitted to the observed flow at 
each grid point by means of least squares (e.g. Lwiza et al., 1991). The CTD profiles of 
each station were bin-averaged to one-meter intervals. A density time series that equaled 
the number of repetitions was constructed for each depth and station and also fitted to 
residual and tidal contributions, in order to relate the subtidal density field to the velocity 
fields.
The cruises were performed in either May, June, July or September to capture 
high and low buoyancy input conditions and assess fortnightly variability under such 
conditions. It has been estimated that salinity variations at the lower bay reflect the 
integrated 90 days of freshwater discharge preceding the date of salinity observation
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(Locamini et al., 1999). Therefore, a three-month running average of the fresh water 
inflow to the bay was used as an indicator of the freshwater conditions around the dates 
of data collection (Figure 2). In September the freshwater discharge is the lowest in the 
year. For the cruises performed around September 1997, 1998, and 1999, the freshwater 
discharge was near 700 m3 s '1. The cruises performed in June and July had anomalous 
high freshwater discharge conditions, around 3600 and 2400 m3 s'*, respectively (USGS, 
1999). In June 1998, the amount of freshwater discharge was 50% more than in July 
1998 and May 1999.
Wind data were provided by the NOAA/NOS (1999) weather station at the 
Chesapeake Bay Bridge Tunnel (CBBT, #8638863). Data collection was conducted under 
moderate wind speed conditions (<6 ms'1). Figure 3, shows the hourly wind vectors for 
each of the cruises. Table 1, summarizes the dates, the number of repetitions and the 
buoyancy and the wind conditions for each cruise. In sections 4 and 5 the intratidal 
observations, and the subtidal observations will be described respectively. In section 6 
the results of a 2-dimensional linear analytical model will be presented.
Throughout this document the term longitudinal velocity, along-channel velocity, 
and along-estuary velocity, are used indistinctly to mean the velocity component 
perpendicular to the sampling transect. Also the terms across-channel velocity and 
transverse velocity are used alike to indicate the velocity component parallel to the 
sampling transect.
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Sept/30-Oct/01/98, d) Sept/17-18/97, e) May/07-08/99, 0  June/25-26/98 
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4 THE TIDAL DENSITY AND VELOCITY FIELDS
The basic characteristics of the density and velocity fields, for neap and spring 
tides, are explored here through the use of diurnal and semidiurnal functions fitted to 
each of the fields. It is found that both, velocity and density are satisfactorily represented 
by harmonic functions. In particular the longitudinal component of velocity, which has 
most of the tidal variability. Tidal circulation can be described as anticyclonic over most 
of the bay entrance except in the Chesapeake Channel, where circulation is anticyclonic 
above 10 m and below that depth is cyclonic, indicative of vertical structure produced 
by stratification. Therefore, the Chesapeake Channel and the North Channel exhibit 
differences in stratification and circulation that may contribute to the transverse residual 
circulation. Density, satisfactorily represented by a tidal harmonic, is affected by 
bathymetry, rotational effects, and differences in the velocity phase. The focus on the 
fortnightly characteristics of the velocity and density fields distinguishes this work from 
those of Fisher (1986) and Browne and Fisher (1988).
4.1 Quality of the least-squares approach
A harmonic function f( t)  with semidiurnal and diurnal periods was fitted to the 
time series of velocity and density observed during each cruise as
f t(t) =A0+ L/4 sin ( G) r+<j).) (1)
j -1
where Aj coj, (pj, and A 0 are the amplitude of harmonic j ,  the frequency of harmonic j, 
the phase of harmonic j ,  and the subtidal contribution, respectively. Semidiurnal and 
diurnal tidal harmonics are used in (1). The reason for the use of these frequencies was 
based on the knowledge of the main tidal constituents (Fisher, 1986) and the time 
necessary for the ship to pass over the same points of the transect, which varied from 
0.66 to 4 hours.
The root mean square error of the fit was estimated by the expression
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rmse=
\j N -(2M + l)
and the percent of the variance explained by the fit (goodness of fit) was
N
L(yf -yj)2/=! ]*100
N
where y,yj,yp N, and M  are the mean of the observations at each grid point, the 
observations at each grid point, the predicted values from the least squares fit, the 
number of observations, and the number of harmonics, respectively. For a perfect fit 
(>/=>;) the rmse is equal to zero and R 2 is equal to 100. If the mean square error from 
the fit is of the same size as the variance of the observed data, then Ra2 will be equal 
to 0.
4.1.1 Velocity
Results from the fits indicate that the longitudinal velocity coincided with the 
overall direction of maximum variability, and that most of the variability was explained 
by the semidiurnal and diurnal harmonics. The percent of data with goodness of fit above 
90%, and with rmse < 10 cms'1, for the whole bay entrance section is presented in table 
2. The best overall fits were obtained during neap tides.
For the predicted longitudinal velocity, the lowest goodness of fit was always 
above 75%, and the fit was less than 10 cm s1 in more than 50% of the data . Figure 4, 
shows that the area with lowest goodness of fit corresponded to the region occupied by 
buoyant water in the Chesapeake Channel, and the regions of abrupt change in 
bathymetry: the northern shoulder of the Chesapeake Channel, the southern shoulder of 
the North Channel, and the shoulder between Middle Ground and Six-Meters Shoal. The 
highest percent of the variance explained by the fit normally corresponded to the 
southern side of the Chesapeake Channel, Middle Ground, and the North Channel.
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Table 2. Percent of longitudinal velocity data with goodness of fit above 90% and 
percent of data with rmse below 10 cms'1 for each 25-hour cruise. The superscript N and 
S stand for neaps and springs, respectively.
cruise explained variance >90% rms < 10 cms'1
Sept/09-10/97 N 87 83
Sept/17-18/97 s 94 60
June/25-26/98 s 99 53
July/06-07/98 N 97 73
Sept/30-Oct/01/98 N 90 73
May/07-08/99 N 91 59
Sept/26-27/99 s 97 65
- 3 0  :_________________ . _____ ,___________ . __________________
Figure 4. Goodness of fit through the Chesapeake Bay entrance resulting 
from the fit of semidiurnal and diurnal harmonics to the principal-axis 
components. Sept/09-10/97. Contour lines are at every 3 units. Light shades 
indicate best fits.
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Because the transect line between Cape Henry and Fishermans Island is almost 
perpendicular to the direction of maximum variability, the function Fitted to the 
transverse velocity component explained a lower percent of the variance, and the rmse 
was higher. Table 3 presents the percent of transverse velocity data with goodness of fit 
above 70% and rmse below 20 cms'1. In Sept/30-Oct/01/98 the percent of data with 
goodness of fit above the 70% was specially low; the mean goodness of fit for this 
cruise was about 50%, possibly due to the wind conditions (~6 ms'1) combined with low 
buoyancy input conditions. In May/07-08/99 similar wind conditions to those of Sept/30- 
Oct/01/98 occurred, but also high buoyancy input conditions therefore more stratification 
was present in May. The lower goodness of tit, indicative that other forcing mechanisms, 
besides tidal propagation, were also contributing to modify the transverse velocity, may 
include the effects of bathymetry and lateral mixing differences which have been 
observed to modify the intratidal transverse balance (Huzzey, 1988). It will be seen later 
on that lateral inhomogeneities and zones of surface convergence and divergence 
occurred during the tidal cycle.
Table 3: Percent of transverse velocity data with goodness of fit above 70% and percent 
of data with rmse below 20 cms'1 for each 25-hours cruise. The superscript N and S 
stand for neaps and springs, respectively.
cruise explained variance ^ 70% rmse < 20 cms'1
Sept/09-10/97 N 50 99
Sept/17-18/97 s 43 88
June/25-26/98 s 72 97
July/06-07/98 N 62 97
Sept/30-Oct/01/98 N 6 82
May/07-08/99 N 93 97
Sept/26-27/99 s 91 98
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4.1.2 Density
In Figure 5 the time series of observed density at different depths in Chesapeake 
Channel, Middle Ground, Six-Meters Shoal, and North Channel for Sept/09-10/97, show 
that most of the density variation can plausible be approached by a harmonic function 
as that of (1). In consequence it will be assumed that for the tidal time scale, the 
variation of density depended mostly on the tidal variation of velocity. Table 4, shows 
the sectional mean percent of density data with goodness of fit above 80% and rmse 
below l a t.
Table 4. Percent of density data with goodness of fit above 80% and percent of data 
with rmse below la , for each 25-hours cruise. The superscript N and S stand for neaps 
and springs, respectively.
cruise explained variance >80% rm s < l a ,
Sept/09-10/97 N 46 100
Sept/17-18/97 s 79 97
June/25-26/98 s 61 89
July/06-07/98 N 58 100
Sept/30-Oct/01/98 N 78 82
May/07-08/99 N 80 76
Sept/26-27/99 s 62 74
Figure 5 presents the case with the lowest percent of variance explained by the 
semi-diurnal and diurnal harmonics. It also shows the transverse density difference, for 
the whole period, between the southern and northern side of the bay entrance, as well 
as the vertical density difference within each region. The tidal density features in the four
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regions will be explained in this section and the subtidal density features of each region 
will be dealt with in section 5.
4.2 Semidiurnal amplitude and phase
In this section the amplitude (in cms'1) and phase (in degrees) of the semidiurnal 
and diurnal contributions to the longitudinal velocity, which had most of the tidal 
variability, are presented. Later both velocity components will be described as tidal 
ellipses.
Figure 6, shows the amplitude of the semidiurnal harmonic throughout the bay 
entrance for each cruise. It is observed that the amplitude was maxima near the surface 
in three regions: the Chesapeake Channel, Middle Ground Shoal and the North Channel. 
Also, it can be noted that the structure of the amplitude tended to be lateral during spring 
tides and closely vertical during neap tides. Therefore, during spring tides, the three 
amplitude maxima structure was weaker and in some cases the amplitude maximum over 
Middle Ground vanished. This pattern suggests different conditions of stratification 
between spring (weaker) and neap tides (stronger). Valle-Levinson et al. (1998) also 
analyzed the semidiurnal tidal properties at the bay entrance, without making distinction 
between neap and spring tides. The amplitude structures reported by them were closer 
to those described here for neap tides, despite that some of their observations were made 
around spring tides. This was possibly due to a stronger buoyancy signal during their 
observations in 1996 and part of 1997 (Locamini et al., 2000). A near-bottom amplitude 
maximum in the Chesapeake Channel was observed for neap tides and high buoyancy 
input conditions. This amplitude maximum has been associated to strong stratification 
conditions which may prevent the upward transmission of momentum (Valle-Levinson 
et al., 1998). The near surface tidal maxima were separated by the decay of the 
amplitude produced by friction at the northern shoulder of the Chesapeake Channel and 
southern shoulder of the North Channel. Near the northern side walls of the Chesapeake 
and North Channel and the bottom in Middle Ground and Six-Meters Shoal the tidal 
amplitude also decayed markedly, evidencing the effects of bottom friction. Some 
variations to this general pattern, however, were present in the different cruises which
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Figure 5. Salinity time series at every 4 m for the four regions: Chesa­
peake Channel, Middle Ground, Six-Meters Shoal, and North Channel, 
indicated in the central lower panel. Diamonds represent the observed 
density. The line corresponds to the fitted function.
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seem to depend mainly on the neap-spring tidal conditions and the buoyancy input 
conditions.
For instance, during low buoyancy input conditions, when buoyant water was 
usually restricted to the southern side of the Chesapeake Channel (the subtidal features 
will be described in detail in the section 5), the frictional effects from the northern 
shoulder of the Chesapeake Channel produced a lateral decay of the tidal amplitude from 
the southern side of the Chesapeake Channel to the north wall of the channel. During 
high buoyancy conditions, when buoyant water spread throughout the bay entrance, 
frictional effects from the northern shoulder of the Chesapeake Channel extended mainly 
in the horizontal plane toward the center of the channel instead of extending in the 
vertical. These features strongly suggest that during low buoyancy conditions, when 
buoyant water is constricted to the southern side of Chesapeake Channel, vertical 
stratification is weak over the northern side of the channel, and lateral partitioning of the 
tidal current amplitude is enhanced. In consequence over the weakly stratified northern 
shoulder of the Chesapeake Channel, the vertical dissipation of momentum is efficiently 
communicated to the surface. Under high buoyancy conditions, stratification spreads 
beyond the northern shoulder of the Chesapeake Channel and decouples the surface layer 
from frictional effects. The amplitude minimum that sometimes appears isolated at mid 
depth in the Chesapeake Channel, also reported by Valle-Levinson et al. (1998), 
apparently is a lateral propagation of the low amplitudes produced by friction in the 
northern shoulder, however the mechanism of propagation is not clear. At the southern 
shoulder of the North Channel, a similar situation to that occurring in the northern 
shoulder of the Chesapeake Channel separates a Middle Ground maximum from that at 
the North Channel. During neap tides the maximum tidal amplitudes ranged from about 
40 to 70 cms'1 and during spring tides from 80 to 100 cms'1. Consistent with the findings 
of Carter and Pritchard (1988), the mean semidiurnal spring tidal amplitudes were about 
1.5 to 2.0 times greater than the mean neap tidal amplitudes. Amplitude maxima were 
better defined and occupied larger areas during spring tides. On the other hand, for any 
given cruise, the amplitude maxima observed in the Chesapeake Channel had about the 
same magnitude as that in the North Channel. This indicated that even when the 
strongest currents appeared in both channels, the vertically averaged energy to mix the 
water column should have been greater in the North Channel, due to the shallower depth.
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Figure 6. Amplitude of the semidiurnal along-channel velocity throughout the 
bay entrance for the different cruises. Contours at every 5 cms'1.
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The distribution of the semidiurnal phase of the along channel velocity component 
throughout the bay entrance (Figure 7), revealed the expected effect of friction on tidal 
velocity: high positive phase values and low negative phase values, indicating where the 
tidal signal occurred first. Phase leads were found in Six-Meters Shoal, and near the 
bottom and the shoulders of the two channels where velocities were weak. Therefore 
changes in the tidal flow direction propagated from the shallow region to the channels 
and from the bottom to the surface. Generally the phase in Six-Meters Shoal and the 
North Channel differed from that in Chesapeake Channel by about 30-50” (1.0-1.7 
hours), the larger phase lag corresponding to neap tides conditions. Vertically the phase 
differed from 10 to 30° (0.3 to 1.0 hours) in the Chesapeake Channel, and up to about 
10° in Six-Meters Shoal and the North Channel. The larger vertical phase lag 
corresponded to high buoyancy conditions, and also corresponded to neap tides in the 
Chesapeake Channel. It is possible that the greater semidiurnal phase lags reported by 
Valle-Levinson et al. (1998) for the bay entrance, would be related to the anomalous 
high buoyancy input conditions of 1996 and beginning of 1997 (Locamini et al.. 2000). 
Therefore, stratification seems to play a relevant role in the tidal current phase lag across 
the bay entrance.
4.3 Diurnal amplitude and phase
The diurnal tidal amplitude showed maxima near the surface at each end of the 
bay entrance, a lateral decrease toward Six-Meters Shoal and a vertically decrease toward 
the bottom of the Chesapeake Channel where it reached its minimum (Figure 8). 
Typically the range of amplitudes was from 6 to 38 cms'1 during neap tides and from 6 
to 45 cms'1 during spring tides. The maximum diurnal tidal amplitude was close to the 
minimum of the semidiurnal tidal amplitude.
The general distribution of the diumal tidal phase (Figure 9) indicated, as in the 
semidiurnal tidal case, that the bottom and shallow regions lead the tidal changes. 
However, a considerable variability between lateral and vertical structure was observed. 
Apparently during neap tides the phase structure was closely vertical, while during spring 
tides it was closely lateral. This pattern was consistent with the strong stratification 
during neap tides as it will be shown ahead. An exception was Sept/26-27/99, when a
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marked lateral phase structure was present, but the tidal changes propagated from the 
southern to the northern side of the bay entrance, that is, from the deepest region where 
stratification is expected to the shallow region where friction contributes to mixing.
4.4 Tidal ellipses
The amplitude and the phase coefficients obtained from the least squares fits, of 
the longitudinal (t<) and transverse (v) velocity components were used to obtain the 
parameters of the semidiurnal and diurnal tidal ellipses depicted by the two components 
of velocity during the tidal cycle. Following Prandle (1982) and Visser et al. (1994), the 
tidal velocity (1) is re-expressed as
u -  ^  (c |‘(ur*<to -g «(“'*<(>))
2i
y = i(u/-6) _e «(u»*fi))
2 i
where A, (p, B, 6 and are the respective amplitude and phase of the longitudinal and 
transverse components and co is the harmonic frequency. Therefore, the tidal velocity 
vector is given by
W=u(t)+iv(t)
where i= /-T , and can be expressed as the sum of an anti-clockwise rotating vector W, 
and a clockwise rotating vector W2, that is
W=— (Aei*+iBei*>)e i“t- — (Ae -*'+HBe ~'6)e -<“' = w + w  
21 2 i
The semi-major (M) and semi-minor (m) axes of the ellipses are given by
and m .H W .H W il, 
the phase (# )  between the two rotating vectors is
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$  . l [ a r c t m ( ite ',l?+'t o c f ) -arctan( )],
2 Asinty-Bcosb Asin<fy+Bcos6
the angle (Y) of Me relative to the horizontal axis is
Y  =—[arctan( fo "lS ' / la m |y a r c t a n ( B s M  ~/' co^ ) l ,
2 Asinty -Bcosb Asinfy+Bcosd
and the ellipticity (e) is estimated as 6 =-^1 .
Me
For -1< e < 0, the rotation is clockwise, for 0< e <1, rotation is anti-clockwise, and for 
6=0 the flow is rectilinear.
4.4.1 Semidiurnal ellipses
The semi-major axis (AfJ of the semidiurnal ellipses were, in general, oriented 
from northwest to southeast, ¥  was about 70° relative to the transect between Cape 
Henry and Fishermans Island, consistent with the orientation of the Chesapeake Channel. 
Near the bottom in Chesapeake Channel the semirmajor axis orientation was closer to 
the east-west direction possibly due to the orientation of Thimble Shoal Channel. Figure 
10 presents an example of the tidal ellipses estimated in Chesapeake Channel, Middle 
Ground, Six-Meters Shoal and North Channel at every 4.0 m depth for neap tides 
(Sept/30-Oct/01/98) and spring tides (Sept/17-18/97).
Consistent with the tidal amplitude distribution, the tidal ellipses, in general, 
indicated variations with depth. The magnitude of the ellipticity (e) generally decreased 
with depth through the bay entrance. In the Chesapeake Channel, around 10 meters 
depth, e was minimum (rectilinear circulation). Near the surface and throughout the bay 
entrance the sign of the ellipticity indicated anticyclonic (clock-wise) circulation, 
however, in Chesapeake Channel and Middle Ground, below 9.0 m circulation was 
cyclonic (anti-clock-wise), indicating that near the surface the longitudinal velocity 
changed direction before the transverse velocity, while near the bottom, the longitudinal 
velocity changed direction after the transverse velocity. Changes in the sense of rotation 
with depth are associated to the effects of bottom friction (Browne and Fisher, 1988),
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and variations in the eddy viscosity coefficient (Prandle, 1982). Visser et al. (1994) 
found that within the Rhine region of freshwater influence, variations of the eddy 
viscosity produced differences in the vertical structure of tidal ellipses for stratified and 
well mixed conditions. During stratified conditions, the low eddy viscosity near the 
pycnocline favored the decoupling of layers, and the near surface currents exhibited an 
increase in clockwise rotation. During well-mixed conditions, when the eddy viscosity 
was higher, the tidal circulation was essentially rectilinear. Results of this work suggest 
that ellipticity is reduced from neap to spring tides from Middle Ground to the North 
Channel, however, in the Chesapeake Channel for above the 10 m, ellipticity apparently 
increased. Cyclonic rotation at the entrance of gulfs, has been related by Fang et al. 
(1991) to a phase lag (~"/2) of the longitudinal velocity relative to the transverse 
velocity component. In the results presented here, that behavior was not evident, however 
it will be shown later in the description of the tidal flow and density, that for high 
buoyancy conditions some indications of anti-clockwise rotation were observed.
4.4.2 Diurnal Ellipses
Diurnal ellipses (Figure 11) were smaller relative to the semidiurnal ellipses. The 
semidiurnal to diurnal semi-major axis ratio during neaps and springs was around 3 and 
around 8 respectively, suggesting that semidiurnal characteristics were enhanced during 
spring tides. The orientation of the ellipses near the surface was variable compared to 
the semidiurnal ellipses, which were practically oriented in the same direction throughout 
the entrance. Near the surface, over Chesapeake Channel and Middle Ground the 
orientation frequently varied from west-east to southwest-northeast. Over Six-Meters 
Shoal and North Channel the orientation of the ellipses was northwest-southeast. The 
ellipticity magnitude decreased with depth and similar to the semidiurnal ellipses, the 
sense of rotation was anti-clockwise near the surface and clockwise near the bottom in 
Chesapeake Channel, Middle Ground and North Channel.
The ellipses distribution, consistent with the distribution of amplitude and phase 
reveals two different conditions in circulation between the Chesapeake Channel and the 
North Channel. In the Chesapeake Channel a vertical structure in ellipses was 
consistently present, while a nearly depth-independent structure in tidal ellipses occupied
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the North Channel. The density distribution related to this circulation pattern is explored 
next.
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Figure 11. Continued. Sept/17-18/97, spring tides.
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4.4.3 Intratidal variations of surface density and velocity
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The near-surface salinity and temperature data collected by the thermosalinograph, 
during the cruises indicated in Table 1, were used to compute the near surface density 
from the equation of state at one standard atmosphere. Near surface density and near 
surface velocity resulting from least squares fitting, were used to construct maps of 
density and velocity as function of time and distance for the cruises with available 
thermosalinograph data. Figure 12 shows the maps for Sept/30-Oct/01/98, Sept/17-18/97, 
and June/25-26/98, The two first maps correspond to similar SW wind and similar low 
buoyancy conditions, but different tidal conditions (neaps and springs). The map of June 
and the map of Sept/17-18/97, had similar (spring) tidal conditions, similar SW wind 
conditions, but contrasting buoyancy input conditions (high and low buoyancy input 
conditions). These examples were used to show the effect of stratification on the surface 
density and velocity distributions during different tidal conditions and different buoyancy 
conditions. Density is represented by shades and velocity by vectors; upward vectors 
indicate water moving into the bay. The vertical axis represents the number of hours 
from the beginning of the cruise progressing upwards. The horizontal axis shows the 
distance from Cape Henry to Fishermans Island, the main bathymetric features of the bay 
entrance associated to the horizontal axis are displayed in the lower panel. In general the 
near surface velocity shows the main ebb-flood orientation as previously described in 
section 4.4.1. Typically faster velocities were reached over Chesapeake Channel and 
North Channel, than over Six-Meters Shoal and Middle Ground. The earliest shift from 
flood to ebb occurred over Six-Meters Shoal and North Channel, as expected from the 
semidiurnal and diurnal phase distribution. The simplest pattern of temporal and spatial 
variation of the surface density consisted of the northward-spread/southward-contraction 
of the buoyant water that usually occupies the surface of the Chesapeake Channel. This 
fluctuation occurred according to the direction of velocity. During flood conditions, the 
low density surface layer contracted southward, to the Chesapeake Channel, and 
relatively dense water occupied the surface layer on the northern side of the bay 
entrance. In contrast, during ebb conditions the low density surface layer spread 
northward. The contrast in density between the channels generally was maximum at the 
end of flood and ebb. The presence of low density water through the bay entrance was
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Figure 12. Maps of surface density and velocity as function of distance and 
time. Time progress from the bottom to the top; Conditions on Sept/30-Oct/ 
01/98 corresponded to low buoyancy input and neap tides. Shades represent 
density, contours at every 0.5o t; upward arrows represent flood. In the lower 
panel the bathymetry of the bay entrance as reference. North is to the right.
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Figure 12. Continued. Sept/17-18/97. Low buoyancy input and spring 
tides.
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Figure 12. Continued. June/25-26/98. High buoyancy input and spring 
tides
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in general less for neap tides and for low buoyancy input conditions. A difference of 
about la , during neap tides, and up to 3a, during spring tides occurred under low 
buoyancy input conditions between the two channels, while during high buoyancy input 
conditions, the density difference between the channels varied from 3 a, in neap tides (not 
shown) to up to 6o„ in spring tides. A zone of intense density gradients (up to 3a, per 
kilometer), generally formed around the center of the bay entrance (~ 8 km) mainly for 
spring tides and high buoyancy input, indicating the limits of the buoyant water (plume), 
and the hydrographic differences between the two channels.
Maps of divergence estimated as (dv/dy) were calculated for each density and 
velocity map, under the assumption that changes in the longitudinal direction are not as 
important as in those the transverse direction. Valle-Levinson et al. (2000), found for two 
sections in the James River, that the divergence along the transverse component (dv/cy) 
was not significantly different from the total divergence (dv/dy+du/dx), therefore, 
divergence could be represented appropriately just by dv/dy. Consistent with the ebb- 
flood direction, the locations of convergence (dv/dy<0) alternated from the northern 
shoulders of Chesapeake Channel and North Channel near the end of flood, to the 
southern shoulder of the two channels near the end of ebb (Figure 13). Therefore, the 
convergence zone propagated from the northern side to the southern side of the channels 
from flood to ebb. This pattern was more evident for low buoyancy than for high 
buoyancy input conditions, and also it was better defined for spring than for neap tides. 
This was likely the effect of the pycnocline insulating the influence of bathymetry 
through bottom friction. One other region of convergence appeared between Middle 
Ground and Six-Meters Shoal, around the zone where the maximum density gradient is 
formed, that is around 8 km, but in contrast to the channels, the convergence zone 
occurred mainly during ebb. This central convergence zone was better defined for high 
than for low buoyancy input conditions, apparently denoting the limit of lateral extension 
of the buoyant water. In consequence this convergence should be associated with 
transverse density gradients. Convergence over the shoulders of the channels apparently 
is due to interaction of fast velocities over the channel with slow velocities over the 
northern shoulder during flood, and with slow velocities over the southern shoulder 
during the ebb, that is, they revealed the effects of bathymetry.
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Figure 13. Maps of (<3v/<3y) as function of distance and time. Time progress 
from the bottom to the top. Sept/30-Oct/01/98. Contours at every 0.5 s '1. In 
the lower panel the bathymetry of the bay entrance as reference. Convergence 
Is indicated by negative and darker shades.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
tim
e 
in 
ho
ur
s
44
f3v/dy.<*0* (s'*) Spring Tides S e p t / i  7 -  T 8 / 9  7
5 'C
c s t c n c e  f r om Cepe He^ry ly-n)
Figure 13. Continued. Sept/17-18/97.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ti
me
 
in 
ho
ur
:
45
d v / d y X * 0 ‘ (s ') S p r i n g  Tides J u n / 2 5  —2 6 / ' 9 9 8  
.-------- !-------- 1--------1--------!-------- ;--------1--------1-------- 1-------- 1-------- j--------1--------r
5 * 0
c i s t c n c e  f r o m  Cc o e  H e n r y  ( k m )
Figure 13. Continued. June/25-26/98.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
46
The mechanisms for convergence/divergence in the James River analyzed by 
Valle-Levinson et al. (2000), through a vertically integrated analytical model for a 
narrow channel of arbitrary bathymetry, lead them to conclude that the strength of 
convergence was proportional to the slope of the channel bottom and the tidal forcing, 
therefore, no transverse density gradients would be required for velocity convergence 
or divergence to exist. In this paragraph the tidal convergence as function of the 
amplitude and the slope, is briefly explored using the solution for the transverse velocity, 
given by Valle-Levinson et al. (2000, equation 8 ). Convergence was estimated, as a 
forward difference, from the transverse velocity estimated in ten different channels of 
varying depth (Figure 14), for ten different amplitudes. All the channels were centered 
at 2.5 km, had a width of 4.2 km and their maximum depth varied from 12 to 30 m, 
their form was of the type given by equation 10 in Levinson et al. (2000). The tidal 
amplitude values ranged from 0.1 to 1 m. The analysis was performed for three points 
over the side of the channels (Figure 14): (a) 1.5, (b) 0.9, and (c) 0.3 km from the center 
of the channels. The range of the bottom slopes varied for each case: (a) from 1.4x10 ' 3 
to 5.4xl0'3, (b) from 5.5xl0'3 to 1.9xl0"2, and (c) from 4.0xl0 '3 to 1.6xl0'2. As expected 
the range of variation was larger for case (b), the one closer to the inflection point. 
Convergence contours depict a fourth of an ellipse with the highest values centered near 
the maximum bottom slope and maximum amplitude, as expected from convergence 
proportional to tidal amplitude forcing and slope bottom. Convergence decreased toward 
the lowest bottom slope as well as to the lowest amplitude values. In each case the 
convergence, near the lowest bottom slope values tended to be constant regardless of the 
increase in amplitude. A similar pattern was observed for the lower amplitude values. 
i.e. the convergence tended to a constant value. Therefore, for steeper slopes, 
significative changes in convergence occurred for small changes in the tidal amplitude. 
Also, for large tidal amplitude values, small changes in the slope produced the biggest 
changes in the value of the convergence. Results also indicated that changes in 
convergence were less intense near the inflection point case (b), than near the center of 
the channel, case (c) or near the shoulder of the channel case (a). These results suggest 
that convergence during neap tides would appear preferably over regions of abrupt 
change in bathymetry, while during spring tides convergence will tend to occur even for 
regions with smaller changes in bathymetry.
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solution given by Valle-Levinson et al. 2000.
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4.4.4 Intratidal variations of the vertical structure of density and velocity
The time evolution of the density and the along-channel velocity component at 
the CTD stations Chesapeake Channel, Middle Ground, Six-Meters Shoal, and North 
Channel (not shown), indicated that in the Chesapeake Channel and Middle Ground, the 
temporal changes of density were nearly in phase with the stage of the tidal velocity: 
maximum density near the end of the flood and minimum density near the end of ebb. 
Changes in density normally propagated from the bottom to the surface producing, in the 
Chesapeake Channel, a phase lag between bottom and surface of up to two hours during 
neap tides. In the Six-Meters Shoal and the North Channel, density and velocity 
frequently were distributed uniformly throughout the water column. Density in the North 
Channel reached its maximum or its minimum before that in the Chesapeake Channel, 
and was nearly vertically homogeneous during flood and weakly stratified during ebb, 
consistent with tidal straining (Simpson et al., 1990). Stronger vertical density gradients 
were apparent in the Chesapeake and Middle Ground for spring tides than for neap tides. 
In contrast, differences in stratification in Six-Meters Shoal and North Channel from 
spring to neap tides were small. On the other hand, high buoyancy input conditions 
resulted in periods of stratification during the tidal cycle throughout the bay entrance.
Figure 15 presents the tidal evolution of density and velocity through the bay 
entrance at every two hours, for the three cases that are being used as example of neap 
and spring tidal conditions and as example of low and high buoyancy input conditions: 
Sept/30-Oct/01/98, Sept/17-18/97, and June/25-26/98. As anticipated from the tidal 
ellipses, surface circulation tltrough the bay entrance was anti-cyclonic. Below the 10 m, 
depth in Chesapeake Channel and Middle Ground, circulation was cyclonic, apparently 
as a result of friction (Fisher and Browne, 1988). The contours of density showed the 
lateral spread and retreat of the surface buoyant water according to the direction of flood 
and ebb. Near the bottom, the density contours suggest that for low buoyancy input 
conditions, the tidal density fluctuation consisted of a uniform rise and fall of the 
isopycnals during flood and ebb, respectively. In contrast, during high buoyancy input 
conditions, the isopycnals fluctuated laterally from the Chesapeake Channel to North 
Channel.
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To contrast the difference in tidal energy between the Chesapeake Channel and 
the North Channel suggested by Figure 5, the velocity amplitude and tidal ellipses, the 
time series of stratification, calculated as the anomaly of potential energy (Simpson et 
al., 1978) at these two channels is presented in figure 16 for each cruise. The anomaly 
of potential energy expressed as
^ =T  f°(P~P(z))zdz
h J
where g, h, pand p are the gravity acceleration, the water column depth, the vertically 
averaged density and the density at the depth z respectively, was obtained from the 
density fit discussed in section 4.1.3. During low buoyancy input conditions stratification 
varied, around 60 Jm '3 in Chesapeake Channel and around 5 Jm '3 in North Channel. 
During high buoyancy input conditions stratification fluctuated around 200 Jm '3 in 
Chesapeake Channel, and around 70 Jm '3 in the North Channel. Because of these 
differences in stratification between the two channels, the left vertical scale in Figure 16 
corresponds to Chesapeake Channel and the right scale to North Channel. Also, because 
of the difference in stratification between low (upper four panels) and high (lower three 
panels) buoyancy conditions, different scales were used. Stratification was characterized 
by semi-diurnal fluctuations in both channels, with a lag close to n radians, between the 
maxima stratification at North Channel and at Chesapeake Channel. The difference in 
stratification between the two channels can also be appreciated from the density time 
series in each channel (Figure 5). Therefore, the marked differences in stratification 
between the two channels, might set the conditions for important transverse density 
gradients and transverse velocities, which should be enhanced when stratification is 
maximum in the Chesapeake Channel and attenuated when stratification is minimum at 
Chesapeake Channel. Stratification in the Chesapeake Channel during spring tides was 
stronger than during neap tides, in contrast in the North Channel stratification was 
stronger during neap tides compared to spring tides. This is discussed in detail in section
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4.5 Summary
The intratidal variation of density and velocity has been explored through least 
squares analysis and the fit of an harmonic function to each variable density and 
velocity. The fit to the observed densities and velocities was satisfactory, mainly for the 
along-channel velocity component that contain most of the tidal variability. Amplitude 
and phase of the semidiurnal and diumal harmonics reflected the influence of 
bathymetry, buoyancy conditions and fortnightly variability. Maxima in amplitudes 
occurred near the surface over the channels where frictional effects are weaker. For high 
buoyancy input conditions and also for neap tides conditions an amplitude maximum 
tended to appear over the north side of Middle Ground. Changes in the tidal signal 
generally propagated laterally and vertically from shallow to deep regions and from the 
bottom to the surface. Throughout the bay entrance variations of the amplitude and the 
phase were nearly vertical for high buoyancy conditions, and nearly lateral for low 
buoyancy conditions. Neap and spring tides distributions varied around these two main 
patterns, during neap tides amplitude and phase distributions tended to be vertical, during 
spring tides the distribution tended to be lateral. In the Chesapeake Channel the variation 
between vertical and lateral structure was more dramatic. Tidal ellipses revealed a 
consistent anticyclonic circulation through the Chesapeake Bay entrance, except for 
below the 10 m in the Chesapeake Channel, where circulation was cyclonic. Changes in 
the rotation of the tidal ellipse with depth were associated with frictional effects, but also 
the dissociation of the upper and lower layers was indicative of reduction in the vertical 
eddy viscosity coefficient due to stratification. Both the Chesapeake Channel and the 
North Channel had similar along-channel amplitudes, which suggested higher vertically 
averaged mixing energy in the North Channel. Bathymetry, buoyancy conditions and 
fortnightly effects manifested in the surface density and velocity fields through transverse 
density gradients and convergence. A transverse density gradient associated to the limits 
of the buoyant water plume generally appeared over Middle Ground Shoal, around 8 km 
from Cape Henry. This transverse density gradient moved northward toward the end of 
ebb and moved southward toward the end of flood. The transverse density gradient was 
more evident for springs than for neaps, and also for high than for low buoyancy 
conditions. Zones of convergence appeared over the northern shoulders of the
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Chesapeake and North channels near the end of the flood and over the southern 
shoulders of the channels near the end of the ebb, evidencing effects of bathymetry. 
Convergences were more intense for spring tides than for neap tides conditions and also 
for low buoyancy than high buoyancy input conditions. This is probably because the 
upward communication of friction is more effective during weak stratification than for 
strong stratification conditions. That is, in high buoyancy and neap tides conditions 
bathymetric effects are isolated (Valle-Levinson et al., in preparation). The variation of 
convergence as function of the amplitude and bottom slope indicated that bathymetric- 
induced convergence will be more sensitive to bathymetry during spring tides than 
during neap tides, as result of larger tidal amplitudes. A convergence related to the 
density gradient or limit of the buoyant water plume, and around the same position than 
the transverse density gradient, intensified around the ebb, in response to the maximum 
contrast in properties between the southern and northern sides of the bay entrance. In 
contrast to the bathymetric convergence, this convergence was related to the edge of the 
outflow plume and was more intense for high buoyancy conditions than for low 
buoyancy conditions. In addition to this result a clear but different response in 
stratification occurred in the channels between neap and spring tides. In the Chesapeake 
Channel fortnightly variability was manifested by stronger stratification during spring 
tides than during neap tides. In contrast, in the North Channel, stronger stratification 
corresponded to neap tides. In the next section the fortnightly variation of the subtidal 
density and velocity fields throughout the bay entrance is explored.
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Figure 16. Time series of potential energy anomaly (J) in Jm '3 at every hour. 
The left scale corresponds to the Chesapeake Channel (diamonds); the right 
scale corresponds to the North Channel (crosses), a) Sept/09-10/97, neaps; 
b) Sept/26-27/99, springs; c) Sept/30-Oct/01/98, neaps; d) Sept/17-18/97, 
springs; d) May/07-08/99, neaps; e) June/25-26/98, springs; f) July/06-07/98, 
neaps.
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5 FORTNIGHTLY VARIATIONS OF THE DENSITY AND
VELOCITY FIELDS
5.1 Motivation
The importance of the transverse variability of density and velocity in the tidal 
and subtidal transport in and out estuaries has been pointed out by different authors 
(Fisher, 1972; Lewis, 1978; Smith, 1980; Nunes and Simpson, 1985; Huzzey, 1988; 
Swift et al., 1996; Valle-Levinson and Li, 2000). Still, there is scarce information on 
how the lateral structure is modified by fortnightly modulation of the tidal forcing, and 
the consequences of these variations in the dynamics of estuaries. It is well known that 
bathymetric irregularities produce lateral shears in the along channel velocity component, 
differential advection of the density Field, and lateral differences in the tidal mixing 
energy. As a result, transverse velocities and axial convergence may modify the 
longitudinal momentum balance and the longitudinal dispersion on tidal or subtidal scales 
(Mangat, 1986). In addition studies on fortnightly variability have shown the relation 
between fluctuations of tidal velocity and modulation of frictional forces (Le Blond, 
1979; Haas, 1997; Nunes and Lennon, 1987). In the lower Chesapeake Bay, there are 
indications that during the summer, a nearly gravitational circulation occurred during 
neap tides, but not in spring tides (Valle-Levinson, 1995; Valle-Levinson and Lwizu. 
1997). However in the lower Chesapeake Bay, the gravitational circulation is modified 
by wind (Wang, 1979a,b; Goodrich and Blumberg, 1990), and the individual effects of 
the fortnightly tidal variation and wind forcing cannot be easily separated because of the 
coincidence in the time scales (Goodrich, 1990).
From studies focused in the fortnightly variability of the lateral structure. Valle- 
Levinson et al. (1999) found that in the James River, the transverse dynamics is n e a r l y  
gravitational and modified by the earth’s rotation during neap tides, but also influenced 
by advective effects during spring tides. Valle-Levinson et al. (1998) and Valle-Levinson 
et al. (2001) also analyzed the transverse structure of velocity in the Chesapeake Bay, 
and found that it is mainly influenced by wind forcing. Nontheless, the effect of 
fortnightly forcing in such transverse structure is still essentially unknown. In this section 
it is proposed that a) neap to spring variability is discernible in the transverse structure
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of the density and flow fields under similar buoyancy and moderate wind forcing 
conditions; b) that the neap and spring subtidal velocities in the Chesapeake Channel 
differ from those in the North Channel in such a way that strong velocities occur in the 
Chesapeake Channel and weak velocities develop in the North Channel in springs; c) that 
vertical stratification becomes weaker from neaps to springs in the North Channel and 
over the shallow regions, but not in the Chesapeake Channel, which causes enhanced 
horizontal transverse density gradients and transverse velocities from neaps to springs; 
and d) that the gravitational circulation in the Chesapeake Channel during spring tides 
likely reflects intensified transverse density gradients. These ideas are explored with the 
subtidal density and velocity fields estimated from the tidal density and velocity fields 
of the previous section.
5.2 The subtidal density field
The most basic feature of the subtidal density field reflected the influence of the 
seasonal freshwater discharge (Figure 17). During low buoyancy input (Figures 17a and 
17b; and Figures 17d and 17e), buoyant water was usually restricted to the surface in the 
Chesapeake Channel, while heavy water occupied both the deep Chesapeake Channel and 
the northern side of the bay entrance from the surface to the bottom. Vertical 
stratification estimated by the potential energy anomaly (Simpson et a i, 1978). was 
observed only in the Chesapeake Channel, and the magnitude of the top-to-bottorn 
density difference was the same as the transverse density contrast. During high buoyancy 
conditions (Figures I7g and L7h), buoyant water spread on the surface throughout the 
bay entrance and produced enhanced vertical stratification. In this case the magnitude of 
the vertical (top-to-bottom) density difference was bigger than the transverse density 
contrast. During high buoyancy input conditions the density field suggested that stronger 
outflow and deep inflow occurs in the Chesapeake Bay entrance relative to low buoyancy 
input conditions. On the other hand, density-driven transverse velocities could be better 
developed during low buoyancy conditions than during high buoyancy conditions because 
of the stronger horizontal density gradients that developed under low buoyancy 
conditions.
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Figure 17. Subtidal a, through the bay entrance and subtidal potential energy 
anomaly (j) in Jm '3 , estimated at every CTD station. Contours at every 1 a,. 
Diamonds, stratification in neap tides; triangles stratification in spring tides.
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The effect of wind forcing on the subtidal density distribution was also noticeable 
and in some cases it possibly concealed fortnightly variations of the density field; as in 
a couple of consecutive neap-spring subtidal conditions (Sept/09-10/97 and 
Sept/17-18/97, June/25-26/ and July/06-07/98, Table 1). Therefore, instead of comparing 
consecutive neap-spring subtidal conditions, the fortnightly variability of the density field 
is described in the context of neap and spring tides under similar buoyancy input and 
wind forcing (Table 5, cases A, B, and Q . This is done under the assumption that given 
the similarity of buoyancy and wind conditions, most of the observed density variability 
is produced by fortnightly tidal modulation.
Table 5. Dates, tidal, buoyancy and wind conditions characteristics related to the three 
sets used in the analysis of fortnightly variation.
Case Date Tidal
conditions
Buoyancy
conditions
Mean wind 
direction
A Sept/09-10/97 Neap low NE
Sept/26-27/99 Spring
B Sept/30-Oct/01/98 Neap low SW
Sept/17-18/97 Spring
C May/07-08/99 Neap high SW
June/25-26/98 Spring
The most conspicuous difference in the density field from neap to spring tidal 
conditions was the tilting of isopycnals. These were more horizontal during neap tides 
than during spring tides. These features contain differences in stratification between the 
two channels as well as surface density differences between the Chesapeake Channel and 
the northern side of bay entrance (from Six-Meters Shoal to the North Channel). In
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contrast to the Chesapeake Channel, which showed vertical stratification in every case, 
the northern side of the bay entrance exhibited variable stratification from neap to spring 
tides. The tilt of the isopycnals suggested that stratification in the northern part of the 
entrance was stronger during neaps than during spring tides. The differences between 
neap and spring subtidal density fields were analyzed, therefore, with three indicators: 
a) the depth and lateral extension of the buoyant water, b) the vertical range of density 
in the Chesapeake and North Channels, and c) the difference of surface density between 
the Chesapeake Channel and the northern end of the bay entrance. These indicators were 
evaluated for each of three scenarios that were grouped on the basis of buoyant and wind 
forcing as presented next.
5.2.1 Low buoyancy input and northeasterly wind (case A)
The 19.5 isopycnal is arbitrarily chosen in order to limit the depth and lateral 
extension of the buoyant water. Figure 17a indicates that for neap tides, the buoyant 
water (<19.5 a j  was distributed from 5 m depth in the Chesapeake Channel to the 
surface in Middle Ground Shoals. For spring tides (Figure 17b), the buoyant water (<
19.5 a j  was located from about 13 m depth in the Chesapeake Channel to the surface 
in Six-Meters Shoal. In other words, buoyant water occupied a larger cross section of the 
bay entrance during spring tides than during neap tides. Water of density above 20 was 
found from the Chesapeake Channel, below 7 m in neap tides and 17 m in spring tides, 
to the north of Six-Meters Shoal. However, north of Six-Meters Shoal, the isopycnals 
were slightly more horizontal during neap tides than during spring tides.
The vertical range of a, in neap tides was 19.0 to 21.3 in the Chesapeake Channel 
and 21.0 to 21.2 in the North Channel. During spring tides, density in the Chesapeake 
Channel varied from 16.8 to 20.3 and in the North Channel from 20.5-20.7. The range 
of density in the Chesapeake Channel was suggestive of better developed gravitational 
exchange during spring tides (a, range of 3.5) than during neap tides (a, range of 2.3). 
Differences in stratification between neap and spring tides (Figure 17c), although small, 
indicated stratification was stronger during neap tides in the region that extends from the 
northern side of the Chesapeake Channel to the northern end of the bay entrance. In
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contrast, stronger stratification was observed in the southern flank of the Chesapeake 
Channel during spring tides.
The near-surface horizontal density contrast between the Chesapeake Channel and 
the northern end of the bay entrance was smaller during neap tides (~2 ) than during 
spring tides (~4.3). Consistent with the near-surface density contrast, and with the 
vertical range of density in each channel, stronger transverse baroclinic pressure gradients 
occurred during spring tides (Figure 18a and 18b). It will be seen in case B, that similar 
patterns of density distribution also appeared under southwesterly wind conditions front 
neap tides to spring tides.
5.2.2. Low buoyancy input and southwesterly wind (case B)
Figure 17d shows that during neap tides, isopycnals were nearly horizontal 
throughout the bay entrance, when buoyant water (<19.5 a j  occupied the section from 
the surface to about 15 m in the Chesapeake Channel, and heavy water was constrained 
to the deep Chesapeake Channel. During spring tides (Figure 17e), buoyant water (<19.5 
a t) extended from below 20 m in the Chesapeake Channel to Six-Meters Shoal, while 
water with density >20 a t filled the bottom of the Chesapeake Channel and from 
Six-Meters Shoal to Fishermans Island.
During neap tides, water density varied vertically from 17.5 to 20.1 in the 
Chesapeake Channel and from 18.4 to 18.5 in the North Channel. During spring tides, 
density ranged from 17.1 to 19.9 in the Chesapeake Channel and from 20.5 to 20.6 in 
die North Channel. It is noteworthy that even though the direction of wind on neap tides 
could have been more favorable for the transport of water out of the bay than during 
spring tides, the vertical density difference in the Chesapeake Channel was slightly 
smaller during neap tides (a, range of 2 .6 ) than during spring tides (a, range of 2 .8 ). 
This may be indicative of slightly stronger gravitational circulation in spring tides rather 
than in neap tides in Chesapeake Channel, just as in case A. Vertical stratification 
(Figure 17f) in the entire section was evident only in the Chesapeake Channel and in the 
North Channel, however no differences were appreciable between neap and spring tides.
The near-surface horizontal density difference between the Chesapeake Channel 
and the northern end of the entrance was smaller for neaps (~ 1.2) than for springs (~3.5).
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Thus, case B also showed stronger transverse baroclinic accelerations during spring tides 
than during neap tides (Figure 18c and 18d).
5.2.3. High buoyancy input and southwesterly wind (case C)
Figures 17g and 17h suggest that the neap and spring density structures in the bay 
entrance were strongly influenced by buoyancy input. During spring tides, June/25-26/98, 
the buoyancy input was about 1.5 times the buoyancy input on neap tides, Mav/07-08/99 
(Fig. 2). Therefore, denser water (cross-sectional average ~ 1020.3 kgm'3) was found in 
the bay entrance on neap tides compared to spring tides (cross-sectional average ~ 1017.5 
kgm'3) despite stronger southwesterly wind during neap tides (6.4 ms )"‘than during 
spring tides (3.7 m s'1). Figure 17g shows that as in the previous cases (A and B), the
19.5 isopycnal was shallow on neap tides: it spread from above 6 m in the Chesapeake 
Channel to the surface in the northern side of the North Channel. In spring tides that 
isopycnal had a deeper and shorter lateral extension (Figure 17h), from about 13 in from 
the Chesapeake Channel to Middle Ground.
The vertical range of density in the Chesapeake Channel was smaller during neap 
tides (15.6 to 23.1) than during spring tides (11.7 to 22.0). In the North Channel, 
however, the range of density in neap tides (18.0 to 21.3) was bigger than during spring 
tides (16.1 to 17.6). In consequence stratification (Figure 17i) was stronger in spring 
tides than during neap tides just in the Chesapeake Channel. In contrast stratification was 
stronger during neap tides in the northern side of the bay entrance.
The near-surface density difference between the Chesapeake Channel and the 
northern end of the bay entrance was slightly greater for spring tides (5.0) than for neap 
tides (4.8). However, the transverse density gradient between the Chesapeake Channel 
and the north end of the bay entrance indicated as in the previous two cases, stronger 
baroclinic gradients for spring tides (Figure 18e and 18f).
5.2.4 Summary of the three cases
Consistent with the spatial differences found for the intratidal variation, the 
subtidal density in this section indicated that stratification was a permanent feature in the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
6 6
Chesapeake Channel, but from Six-Meters Shoal to the northern end of the bay entrance 
stratification was variable in that area: weak during spring tides, strong during neap tides. 
Even when buoyancy input and wind conditions seemed to be the most important 
modifiers of the density structure, a consistent pattern for neap and spring tides was 
observed in the three cases when similar buoyancy and wind forcing conditions were 
compared: a) isopycnals were steeper during spring tides than during neap tides: b) the 
range of vertical variation of density was larger in the Chesapeake Channel for spring 
tides, and greater in the North Channel for neap tides; and c) the transverse density 
gradients were stronger during spring tides. These patterns suggests that transverse flows 
could be better developed during spring tides, as a result of stronger transverse baroclinic 
pressure gradients (Figure 18). These issues are now explored with the subtidal flows.
5.3. The subtidal Velocity
Velocities throughout the bay entrance reflected mainly the structure of the 
density field and to a lesser degree the effect of wind forcing. Regardless of the wind 
conditions, the basic structure of the gravitational circulation consisted of seaward 
velocities in the top, southern side of each channel, and inward velocities in the bottom, 
northern side of each channel. For low buoyancy input conditions, bi-directional flow 
was observed in the Chesapeake Channel and to some degree, in the North Channel. 
Furthermore, the structure of velocity frequently resembled the gravitational circulation 
analytically obtained in a channel with triangular section (Wong, 1994). This meant 
seaward velocities occupying the flanks of each channel, from surface to bottom, and 
inward flow extending close to the surface and producing appreciable lateral shears and 
possibly recirculation. This was specially noticeable between the Chesapeake Channel 
and Middle Ground Shoal. The position of the net inward flow leaned toward the 
northern side of the Chesapeake Channel following the deepest point in the channel. On 
the other hand, during high buoyancy conditions (strong stratification), bi-directional flow 
occupied most of the bay entrance, the inward flow in the Chesapeake Channel being 
vertically constrained by the seaward buoyant water. In consequence, no indications of 
recirculation between the Chesapeake Channel and Middle Ground were apparent under 
these circumstances. Kasai et al. (2000), observed a similar type of circulation in the Ise
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Figure 18. Transverse baroclinic pressure gradient force per unit mass in 
ms'2xlOs throughout the bay entrance. Contours at every 0 .2  units.
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Bay, Japan, and explained it through the Ekman number (E=AJfH2aux,), where Az, / .  and 
H are the eddy viscosity coefficient, the Coriolis acceleration, and the depth of the water 
column respectively. In the Ise Bay, E is low and the bottom Ekman layer is limited to 
the lower half of the water column. It will later be seen that a similar condition 
apparently occurred in the Chesapeake Channel under high buoyancy input conditions 
because the inward flow did not reach the surface. During low buoyancy input 
conditions, the structure of velocity was less definitive: it fluctuated between that for 
E=1.0 (which is similar to the solution by Wong, 1994. i.e. in the horizontal plane) and 
that for E=0.1 (which develops in the vertical plane). Velocities in Middle Ground and 
in Six-Meters Shoal were generally downwind with northeasterly winds, regardless of 
buoyancy conditions. For southwesterly winds, velocities in Middle Ground and 
Six-Meters Shoal were not downwind. Instead, they seemed to depend on the transverse 
density gradient and possibly exhibited fortnightly variability (see subsection 5.2.4). The 
surface flow pattern suggested an anticyclonic recirculation between the North Channel 
and Six-Meters Shoal. Some of these subtidal features have been reported by 
Valle-Levinson et al. (1998).
Two consistent features in the flow field were related to fortnightly variability 
(under similar buoyancy input and wind conditions): a) the location and extension of the 
bi-directional velocity, and b) the strength of the transverse velocity component, which 
revealed an adjustment to the transverse density difference between the Chesapeake 
Channel and the northern side of the bay entrance as noted in the previous section. These 
two features are examined next for each of the three cases (A, B, C)
5.3.1 Low buoyancy input and northeasterly wind (case A)
During neap tides (Figure 19a) bi-directional velocities in the Chesapeake 
Channel were restricted to the horizontal plane, apparently in response to the 
northeasterly wind. In the Chesapeake Channel seaward velocities were constrained to 
the southern side, while velocities into the bay occurred from the northern side of the 
channel to Six-Meters Shoal. In contrast, bi-directional velocities in the North Channel 
appeared in the vertical plane: seaward near the surface and southern side of the channel; 
inward near the bottom and northern side of the channel. During spring tides the subtidal
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flow in Chesapeake Channel resembled that of a channel of triangular section (Figure 
19b), i.e., inflow at the center of the channel and reaching the surface, and seaward 
velocities over the sides. This pattern could have produced recirculation between 
Chesapeake Channel and Middle Ground. Despite the resemblance to the flow in a 
channel of triangular section, the zero isotach spread more horizontally throughout the 
Chesapeake Channel than during neap tides, coincident with the pool of buoyant water 
(Figure 17b). From the north side of Middle Ground Shoal to the North Channel, 
velocities were mainly into the bay in response to wind direction; just at the north end 
of the bay entrance the flow was seaward.
The transverse velocity component was stronger during spring than during neap 
tides, in correspondence with the stronger transverse density gradient found for spring 
tides from Middle Ground to Six-Meters Shoal. Within the channels, the transverse 
velocities were comparable for both spring and neap tides. In general the velocity field 
aligned closer to the lateral density field in spring tides than in neap tides, probably as 
indication of less wind-controlled circulation during spring tides.
5.3.2. Low buoyancy input and southwesterly wind (case B)
During neap tides (Figure 19c), strong seaward flow occupied the southern side, 
the top center of Chesapeake Channel, and Middle Ground, while weak inward velocities 
occupied the subsurface northern side of Chesapeake Channel. Therefore, velocity had 
a nearly lateral structure, with a roughly vertical zero-isotach separating each side of the 
channel. Velocities over the southern half side of Middle Ground were southeastward 
suggesting recirculation between the Chesapeake Channel and Middle Ground. Very 
weak unidirectional velocities into the bay occurred from the northern side of Middle 
Ground Shoal to Six-Meters Shoal, despite the southwesterly wind forcing (~6.0 ms'1). 
In the North Channel velocity was unidirectional, toward the southeast. In spring tides 
(Figure 19d), weak seaward velocities spread from the southern portion of the bay 
entrance to the northern shoulder of the Chesapeake Channel, while strong inflow 
occupied the northern side of the Chesapeake Channel. In consequence the zero isotach 
was more horizontal during spring than during neap tides. Despite the southwesterly 
wind conditions, strong velocities into the bay occurred over the northern side of Middle
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Ground and Six-Meters Shoal. In the North Channel, velocity was southwestward 
throughout the water column. The lateral structure of the flow in the Chesapeake 
Channel for both neaps and springs resembled the velocity structure in a triangular 
section with E=1.0 (Kasai et al. 2000), that is the inward velocity did reach the surface, 
suggesting that the Earth’s rotational effects were dominant near the surface.
Similarly to case A, the transverse velocity from Middle Ground to North 
Channel was stronger, consistently with the stronger density gradient, during spring than 
during neap tides. The transverse velocity component was essentially toward Cape Henry 
in both neap and spring tides regardless of the southwesterly wind, and corresponded 
reasonably well with the lateral distribution of density (Figures 17d and 17e). The better 
linkage between mean flow and density for spring than for neap tides, could be due to 
weaker southwesterly winds during spring tides.
5.3.3 High buoyancy input and southwesterly wind (case C)
Figure 19e shows that in neap tides, May/07-08/99, the structure of the flow 
throughout the bay entrance was essentially made of two layers. Seaward velocity spread 
in a shallow upper layer (~5 m depth) mainly in the eastward direction. Below that, the 
flow in the Chesapeake Channel and the North Channel was into the bay mainly in the 
southwestward direction. Figure 19f also showed a two-layer flow structure throughout 
the bay entrance except Six-Meters Shoal during spring tides, June/25-26/99. Seaward 
flow occupied a layer from above 10 m deep in the southern Chesapeake Channel to the 
surface in Middle Ground Shoal, and most of the top southern side of North Channel. 
In general inward velocities were stronger during spring than during neap tides, except 
over the northern side of North Channel. As mentioned at the beginning of this section, 
the lateral structure of the flow resembled that of the solution by Kasai et al. (2000) tor 
E=0.1, i.e., exchange in the vertical plane.
Transverse velocities were stronger during spring tides than during neap tides 
throughout the bay entrance. In general velocities throughout the bay entrance were in 
agreement with the isopycnals in the sense that the depth of the layer with flow toward 
Cape Henry coincided with the depth of the pycnocline (compare Figures 17g with 19g;
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Figure 19. Subtidal velocity throughout the bay entrance in cm s1, for each 
cruise. Upward arrows indicate flow into the bay.
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17h with 19h). That is, the direction of the transverse velocity component was consistent 
with the previous cases (A and B), despite the southwesterly wind conditions.
5.3.4 Summary of the three cases
Subtidal velocities for the three cases, A, B and C, indicated a consistent pattern 
of seaward velocities spread farther in the horizontal plane during spring tides than 
during neap tides, despite of different buoyancy input and wind forcing conditions. In 
two neap tides cases, A and B the structure of exchange velocity in the Chesapeake 
Channel was approximately in the lateral plane and the contrast between seaward and 
inward velocities was stronger for spring tides. The structure of velocity in the 
Chesapeake Channel resembled the analytical velocity structure for an estuary of 
triangular section (Wong, 1994), apparently more clearly during spring tides, which 
reflected grater exchange during springs than during neaps. Subtidal velocity over Middle 
Ground and Six-Meters Shoal was generally unidirectional and into the bay. Over the 
North Channel the subtidal velocity structure suggested a gravitational circulation formed 
by seaward flow at the surface and inward flow in the bottom during neap tides 
conditions. This structure was weaker during springs. The transverse velocity component 
consistently showed stronger velocities for spring tides, when stronger transverse density 
gradients also occurred.
5.4 Discussion
In addition to the enhancement of the transverse flows during spring tides relative 
to neap tides, an innovative aspect of these observations is indicated by the competing 
responses to fortnightly forcing in Chesapeake (deeper) and North (shallower) channels. 
In the shallow channel the subtidal along-estuary flows are modulated as expected, i.e., 
enhanced flows at neaps relative to springs. However, the inverse response is observed 
in the Chesapeake Channel. This unconventional response in Chesapeake Channel may 
be explored through examination of the transverse momentum balance. Disregarding 
horizontal viscosity terms (Pritchard, 1956) and vertical velocity, the transverse subtidal 
momentum balance may be written as:
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where the overbear denote tidal average. On the left side of the equation, the first two 
terms denote advection of transverse velocity in the along-channel and across-channel 
direction, respectively; the third term indicates the Coriolis acceleration. On the right side 
of the equation, the first and second terms are the transverse pressure gradient and the 
vertical transference of momentum respectively. This balance can be scaled as
UV V2 c D A V+—  +fU =gS+gB +A
I'x Ly ZH 2
The longitudinal velocity changes at scales of tens of kilometers, therefore Lx should be 
1x 10* m; the transverse variations are of the order of 1 km, therefore L ^ lx lO 3 nr. the 
Coriolis parameter/=8.7xlO'5 s '1; and the vertical scale of variability (H) is 5 m. Results 
from this study indicate that the subtidal longitudinal and the transverse velocities are 
typically: £/=2xl0'1, P^lxlO ' 1 ms'1. The tidally averaged eddy viscosity coefficient A,, 
was estimated using the relation given by Pakanowsky and Philander (1981), its value 
fluctuated around 2xlO'3m s .'■The estimated baroclinic pressure gradient was 
g/MJ.SxlO^ms'2. The mean barotropic pressure gradient, estimated from the difference 
between Kiptopeke and Chesapeake Bay Bridge Tunnel, NOAA stations suggests that 
gS=lxlO'5. In consequence the balance would be:
(0.2+1 +1.7= 1 +0.5+0.8)x 10'5
This result indicates that all terms are relevant to the transverse momentum balance.
An increase of the horizontal density gradient between Chesapeake Channel and 
North Channel, as is observed during spring tides, should increase the transverse 
velocities and consequently the advective and the frictional terms in the transverse 
balance, therefore, to maintain the balance stronger along channel velocities from the 
Coriolis term in the Chesapeake Channel would be required. It is then proposed that the 
observed increase in the along-estuary subtidal flows in Chesapeake Channel during
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spring tides, reflects the response of the Coriolis term to the increase of the other terms 
in the transverse momentum balance.
The actual estimations of each contribution (sectional mean) to the transverse 
balance, except those of the of the along channel advection of velocity and barotropic 
pressure gradient are summarized in Table 6 . It should be noted that there is an increase 
of most of the terms during spring tides. This neaps to springs variation of the flow has 
not been reported previously, and contrasts with findings in narrower systems like the 
James River.
Table 6 . Magnitude of each of the terms in the assumed transverse balance (sectional 
mean), except the along-channel advection of velocity and the barotropic pressure 
gradients. All the terms are expressed xlO5, except Az, expressed as xlO . The 
superscript N and S stand for neaps and springs, respectively.
Az advective Coriolis baroclinic friction
Sept/09-10/97 N 1.55 0.44 0.78 0.25 0.26
Sept/26-27/99 s 1.60 1.04 0.91 0.70 0.45
Sept/30-Oct/01/98 N 1.99 0.41 0.77 0.15 0.62
Sept/17-18/97 s 1.95 0.41 1.15 0.72 0.47
May/07-08/99 N 0.83 0.80 1.02 0.38 0.76
June/25-26/98 s 0.76 0.93 1.15 0.82 0.88
5.5 Summary
A series of six 25-hour cruises performed at the Chesapeake Bay entrance were 
used to describe the spatial and fortnightly variability in the density and flow fields 
during low and high freshwater conditions. Buoyancy input and wind forcing were the 
main forcing mechanisms of water exchange through the bay entrance, and they could
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obliterate tidal modulation. However, under similar freshwater and wind conditions, 
consistent variations in the density distribution and velocity field suggested fortnightly 
variability in a) stratification, b) transverse structure of along estuary flow, and c) 
transverse flow.
The density field, in the Chesapeake Channel, showed a shallower and wider pool 
of buoyant water during neap tides than during spring tides. However, the potential 
energy anomaly in this channel was independent of neap and spring tides. In the North 
Channel, in contrast, the density field and the potential energy anomaly indicated 
stronger stratification during neap than during spring tides. Strong stratification in the 
Chesapeake Channel contrasted with weak stratification in the North Channel during 
spring tides. Even though tidal mixing power is higher during spring tides, its effects are 
limited in the Chesapeake Channel because of its depth, in contrast to the North Channel, 
where the water column is almost completely mixed. This resulted in larger horizontal 
density gradients between the Chesapeake Channel and the North Channel in spring tides 
relative to neap tides, which in consequence increased the transverse baroclinic pressure 
gradients.
The along-channel velocity field in the Chesapeake Channel approached the 
structure of a triangular section for which friction is at least as important as Coriolis 
accelerations: seaward flow over the sides of the channel and an inflow in the center of 
the channel ( Wong, 1994; Kasai et al.,2000). During low buoyancy input conditions, the 
core of the inward flow could reach the surface and even create a nearly lateral structure, 
i.e., outflow over the southern side of the channel and inflow over the northern side of 
the channel. In contrast, during high buoyancy input conditions the core of inward 
velocity was restricted to the lower reaches of the water column, indicating that 
stratification predominated over velocity shear or that Coriolis dominated over friction.
Also in Chesapeake Channel, stronger along-channel velocities occurred during 
spring tides compared to neap tides. However, the vertical structure of the velocities did 
not exhibit obvious fortnightly modulations. It is conjectured here that an increase of the 
gravitational circulation in the Chesapeake Channel during spring tides (similar to that 
of high buoyancy conditions), tends to isolate the core of inward velocity from the 
surface, despite of an increase in vertical friction. Estimations of the tidally averaged 
vertical eddy viscosity (Az), following Pakanowski and Philander (1981) suggest that
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during spring tides Az near the surface in the Chesapeake Channel is lower than during 
neap tides.
In the North Channel, the structure of the longitudinal velocity usually consisted 
of a surface core of seaward depth-dependent velocity. Strong longitudinal velocity 
coincided with strong stratification during neap tides. Az in this region was apparently 
lower than during spring tides. In the shallow regions, Middle Ground and Six-Meter 
Shoal, where vertical stratification was generally weak, velocities frequently were 
unidirectional. In all the cases the longitudinal velocity between Middle Ground and Six- 
Meters Shoal was into the bay, and generally occupied a larger section during spring 
tides compared to neap tides.
The transverse velocity was consistently toward Cape Henry, through all the cases 
analyzed, regardless the wind conditions. Some variations to that pattern, however 
occurred in the Chesapeake and North Channel. Consistent with the density contrast 
between Chesapeake Channel and North Channel, and with the transverse baroclinic 
pressure gradient; transverse velocities were stronger during spring tides relative to neap 
tides, even for southwesterly wind conditions, which suggest that velocities responded 
to the transverse baroclinic pressure gradient.
The results presented here are innovative in two aspects: 1) they show that as 
consequence of the different fortnightly response of the Chesapeake and North Channel, 
the transverse flows are stronger during spring tides, when the transverse density 
gradients are also stronger; 2 ) they show that the transverse variability of flow and 
density produced by bathymetry may favor enhancement of along-estuary flows during 
spring tides, which contrasts with results obtained in other systems.
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6 LINEAR 2-DIMENSIONAL ANALYTICAL MODEL OF 
SUBTIDAL CIRCULATION
6.1 Motivation
The results of the previous section, showed that, despite the potential importance 
of non-linearities, the subtidal structure of velocity, resembled the linear solution for an 
estuary of triangular section in the channels (Wong, 1994; Friedrichs and Hamrick, 1996; 
and Kasai et al., 2000), and that for a flat bottom (Hansen and Rattray, 1965; and 
Officer, 1976) over the relatively flat regions of Middle Ground and Six-Meters Shoal. 
These patterns of circulation are motivating for the use of a simple linear analytical that 
help explain the main local features of the along-channel and transverse velocities in a 
complicated bathymetry such as the Chesapeake Bay entrance.
6.1.2 Linear gravitational models
Linear models are based on the assumption of a balance between the along 
channel pressure gradient and vertical friction in the fluid (Hansen and Rattray. 1965; 
Officer, 1976), and that the along-channel density gradient is independent of dept It. For 
a flat bottom the vertical structure of the velocity consists of two layers: in the upper 
layer, buoyant water flows seaward, while in the lower layer a compensating inflow 
occurs. The structure of the along-channel velocity in most of estuaries, however, is more 
complicated because of irregularities in bathymetry. A lateral dependence of longitudinal 
velocity on bathymetry, creates differential advection between deep and shallow regions 
which results in lateral density gradients, buoyancy-driven secondary flows across the 
channel and a reduction of the longitudinal dispersion (Smith, 1976). Fischer (1972) 
estimated the structure of the longitudinal velocity in a linearly increasing depth 
bathymetry, from the balance between the along-channel density gradient and vertical 
friction, where the viscosity coefficient was proportional to the total depth. Its solution, 
which included the contribution from river discharge and gravitational circulation was 
similar to the solution by Hansen and Rattray (1965), but dependent on the lateral 
position. Using the same linear bathymetry as Fischer (1972), Wong (1994j and
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Friedrichs and Hammrick (1996) estimated the structure of the longitudinal velocity in 
estuaries of triangular section with the deepest point in the middle of the channel. Their 
solutions, qualitatively equivalent, indicated that the along-channel velocity structure 
consisted of seaward flow over the shallow regions and inward flow at the center of the 
channel. In their solution, Friedrichs and Hamrick (1996), included Azas a function of 
the depth in the form Az =Azh(H(y)/HtnxJ p, where O sP sl. This approach, however, 
produces the viscosity coefficient to be lower in shallow regions than in channels, which 
is opposed to the expected pattern for Az. That is, high Az values near the bottom and 
low Az far from the bottom. Their results therefore, showed stronger velocities than those 
resulting from a constant viscosity coefficient assumption as in the case of Wong (1994).
In addition to the importance of bathymetry and the structure of the viscosity 
eddy coefficient, it is well known that lateral differences in the along-channel advection 
conduce to lateral density gradients and the develop of transverse velocities. The 
consequences of the lateral structure of the density field has been mostly studied in the 
tidal scale in the context of frontogenesis (cf. Garvine and Monk, 1974; Garvine, 1974; 
Officer, 1976; Bowman and Iverson, 1977; Huzzey, 1988; Nunez and Simpson. 1985; 
Turrell et al., 1996 and Swift et al. 1996). Nonetheless steady transverse balance have 
been used to study this tidal-scale phenomenon. One of the pioneering solutions to 
transverse flow in estuaries was given by Nunez and Simpson (1984) to try to explain 
intratidal convergence in the Conway Estuary in Wales. The solution to a steady 
transverse balance between the pressure gradient and friction depicted a helicoida! How 
consisting of near surface convergence along the central part of the estuarine channel and 
divergence at depth. A similar solution was used by Swift et al. (1996) to explain 
convergence in the Pistaqua River, New Hampshire. Their solution only differed from 
that of Nunez and Simpson (1984) in the condition of zero net transverse transport, it 
was set equal to the longitudinal gradient of the laterally integrated longitudinal transport. 
Despite the ability of those two simple models to explain axial convergence, they were 
limited in the sense that they neglected two important effects: the lateral variation of the 
along-channel velocity due to bathymetry and the effects of the Earth’s rotation.
Recently Kasai et al. (2000), using a linear 2-dimensional analytical model 
analyzed the differences in the flow pattern of different regions with similar bathymetry 
like the Ise Bay and Delaware Bay. They found that rotational effects increase in
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importance over the flow if the Ekman number E=AZ /fH2^  is below 0.1, but the flow 
is mainly gravitational for E>1. Their results for a bathymetry of triangular section 
indicated that for E<0.1 the velocity structure, was similar to that observed in Ise Bay, 
that is, consisted of two layers: at the surface water moving seaward and at the center 
and bottom of the channel the water moving inward. For E=l, the structure of velocity 
was similar to that found by Wong (1994) where no rotational effects where considered, 
that is seaward flow by the flanks, inflow from the bottom to the surface at the center 
of the channel. The conclusion of that work is that not only bathymetry but also 
rotational effects have considerable effect on the observed flow. The Ekman number, 
being important to determine if whether the exchange of water takes place in the vertical 
plane (Coriolis important, E~0.1). The Ise bay is characterized by E~0.1, so Coriolis is 
important, in the Delaware Bay E ~ l, and Coriolis is not as important. For the 
Chesapeake Bay entrance, Kasai et al. estimated E-0.5, however given that the depth is 
largely <10 m, they assumed that the flow should behave more like that in the Delaware 
Bay. The Chesapeake Bay entrance width of about 1.6X104 m (2 times the baroclinic 
Rosby radius of deformation, about 0.8X104 m), suggests that in the bay entrance the 
effect of rotation besides that of the irregular bathymetry, is important for the transverse 
momentum balance.
In this section a simpler 2-dimensional approach than that of Kasai et al. (2000), 
is given with the purpose of investigating the transverse velocity in a complicated 
bathymetry as that of the Chesapeake bay entrance, subject to different forcing 
mechanisms. The solution assumes the longitudinal balance is as in Hansen and Rattray 
(1965) and Officer (1976), that is, assuming that rotational effects are not important in 
the longitudinal component; however, it is also assumed that the longitudinal velocity has 
influence on the transverse velocity through the transverse Coriolis term, i.e., in the 
transverse direction the balance is given by the pressure gradient, vertical friction and 
the Coriolis acceleration. The solution is different from that of Kasai et al. (2000) 
because it is assumed that rotational effects are important only on the transverse balance. 
This solution is flexible in the sense that any continuous bathymetry can be used, that 
is, is not limited to triangular sections, it can be used to solve the local velocity structure 
of any estuary.
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6.2 Assumed dynamical balance
The coordinate system is set at the southern side of the bay entrance, where x  is 
the along-channel component, positive seaward, y is the across-channel component, 
positive to the left of the seaward direction and z is positive upwards. The assumed 
balance between vertical friction and pressure-gradient for the along channel component 
and between vertical friction, pressure-gradient, and Coriolis acceleration for the across- 
channel component is given by
A_ f u ( y A  y  %  (2)
dz2 P0
(3)
where 1 = ^ -  , G = f ^ - ,  1 = ^ -  , are the barotropic pressure sradient and
dx J dx y dy y J dy 
the baroclinic pressure gradient in the x  and y components, u, v, A., g, rj, p u, p and /  are
the along channel velocity, the across channel velocity, the vertical eddy viscosity
coefficient, the acceleration due to gravity, the local surface level, the mean density, the
local density, and the Coriolis parameter respectively. The solution of these equations
is based here on the assumption that the barotropic and baroclinic gradients, as well as
the viscosity coefficient, are independent of depth z. Also it is assumed that there is no
influence of the transverse velocity on the longitudinal momentum balance.
6.2.1 Density gradient solution
The simplest solution, is given by the assumption that in the v-component, the 
Coriolis term is unimportant, so the balance in equation (3) is similar to that of equation 
(2). Making u=u(y,z), and vsvfy.z), equations (2) and (3) are constrained to the following 
boundary conditions
dii .
—-4=0;z=0 no wind stress at the surface (4)
dz
Uj=0;z=-H(y) no slip condition at the bottom (5)
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f 3f~ Hudydz=0 Jo Jo
f  8 f~ Hvdydz=0 
Jo Jo (7)
(6 )
No net transport occurs in any of the two velocity components. The bathymetry of the 
Chesapeake Bay entrance is approached by an exponential function similar to those given 
by Li and Valle-Levinson, (1999).
a’, b\  and c’, are constants related to the depth of the shallow region, the deepest point 
of Chesapeake Channel to the left and the deepest point of North Channel to the right, 
while d  , and s are constants defining the position and width of the channels. It is useful 
to re-express the bathymetry as
where a=a!/Hmax , b=byHmaxt and c=c’/ / /m<u. In consequence the maximum value that F(y) 
can reach is 1. In fact F(y) can be any continuous function. Figure (20) compares the 
bathymetry of the Chesapeake Bay entrance and the analytical bathymetry used in the 
model. Through this approach the major bathymetric features are satisfactorily 
reproduced, however, for sake of simplicity the bathymetry of Middle Ground and Six- 
Meters Shoal is not differentiated. Understanding that F=F(y), after integrating equation 
(2) and (3) two times, u and v can be expressed as
H(y) =a '+b'eyi+c 'e yz
where
, and y2=-------->i = s
H(y) =Hmax(a+beyi+ceyi) =HmaxF(y) ( 8 )
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( 1 0 )
(9)
and applying the conditions (4), (5), (6) and (7), the surface slope for each component 
is expressed as
The final expressions for the longitudinal and transverse velocity components are
channel and across-channel baroclinic pressure gradients, respectively. The boundary 
conditions (4) and (5) are easily satisfied, by noting that the c-derivative of (13) and 
(14), evaluated in c=0 is zero, and the no-slip condition is proven by noting that in z=- 
HCyl—H^FCy), so C=-F(y) replaced in (13) and (14) reduces the equations to zero. On 
the other hand the chosen form of F(y) is not restricted, so it is possible to use different 
analytical shapes of bathymetry, for example the flat bottom solution results from the 
fact that l3 and /4 are equal under that condition. The detailed solution of these equations 
is given in Appendix I.
The chosen value of Az=0.025 m V 1 was the same as in Wong (1994). This value 
is almost two orders of magnitude bigger than the magnitude of Az found from the 
available data in the previous section. However, this coefficient produced results
r 3 G ^ max lt
X O ~ I
8 p /3
max 4
( 1 1 )
where
3 GyHmax Z4 
8 p Z3
( 1 2 )
ln= ( BF*dy
J O
m a x
48A, p /3
(13)
48Azp Z3
(14)
where C The solutions for u and v are proportional to the prescribed alon
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consistent with the magnitude of the subtidal velocities observed. Different prescribed 
values of the longitudinal and lateral density gradients were used to illustrate their 
sensitivity to the solution and will be specified in each case.
The solutions for u and v were based on the typical along-channel density 
gradient of density, estimated from the mean vertically integrated density of September 
(ensemble average 1984-1995) at station cb7.4 at the bay entrance (latitude: 36.9933"; 
longitude: -76.0106°) and station cb6.4, about 13 km to the southeast of Gloucester 
(latitude: 37.2364°; longitude: -76.2083°. Chesapeake Bay Program, data report). The 
estimation of v, used the mean transverse density gradient of September/17-18/97.
Figures 21a and 21b present the respective density-driven flows for the along- 
channel velocity component (w) and for the across-channel velocity component (r). 
Positive u indicates water moving out of the bay (eastward) and positive r  indicates 
water moving toward Fishermans Island (northward). Figure 21c shows the vectorial 
representation of the velocity; upward arrows represent velocity into the bay, downward 
arrows represent velocity seaward. The solution for u, at the Chesapeake Channel, 
resembles the solution of Wong (1994) for an estuary of triangular section. Seaward 
velocities about 10 cm s1 were observed over the flanks of the channel, while a 
compensatory inflow appeared in the center of the Chesapeake Channel with velocities 
of about 30 cms'1. In contrast to the Chesapeake Channel, the North Channel, showed 
seaward velocities of up to 10 cms' 1 decaying from the surface to the bottom, similar to 
the velocity structure over the flats, where seaward velocities, were lower than 5 cms'1.
A different experiment (not shown) indicated that when the channel to the north 
was deeper than the mean sectional depth, a compensatory inflow appears there too. 
Subtidal velocity data from the previous section showed bidirectional exchange in the 
North Channel, therefore, in addition to bathymetry other mechanisms like stratification 
should be important for this exchange to occur there. Kasai et al. (200), showed that an 
important condition for bidirectional velocities to occur, is a low Ekman number (see 
section 1.2). The solution for v, had a similar structure to u (Figure 21.b): weak velocity 
(~1.0 cms'1) toward Fishermans Island over the flanks of the Chesapeake Channel and 
a core of maximum velocity (~5.0 cms'1) toward Cape Henry at the bottom and center 
of the channel. Over the flat region and North Channel, velocity up to 1.0 cms 1 was in 
the direction of Fishermans Island. The transverse velocity pattern was consistent with
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Figure 20. Bathymetry of the Chesapeake Bay entrance and the analytical 
bathymetry used in the model.
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Figure 21. Analytical solution, equations (13) and (14). Longitudinal densit 
radient Gx= lx l0 '3; transverse density gradient Gy=lxlO'4. Velocity a) lon- 
itudinal, contours at every 5 cms' 1 ; b) transverse, contours at every 1 cuts' 1 
c) vectorial.
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the assumed transverse density gradient, which increased from Cape Henry to Fishermans 
Island and with the depth of the Chesapeake Channel. The lateral structure of the 
density-induced velocity was also clearly observed in the velocity vectors (Figure 21.c). 
In the Chesapeake Channel water flowed toward the WSW while in the rest of the bay 
entrance water moved toward the ENE. In consequence zones of net convergence 
developed over the southern shoulders of the Chesapeake and North Channels, and 
divergence on the northern slope of the Chesapeake Channel. Zones of convergence 
occurred at the northern shoulders of the Chesapeake and North Channel and also over 
the southern slope of the Chesapeake Channel. Convergence and divergence over the 
shoulders of the channels can be explained by frictional effects: Near surface water from 
a deeper and less frictional influenced zone moving faster than the neighboring water 
over a shallow and more frictional influenced zone produces convergence. The opposite 
pattern corresponds to the resulting divergence. Over southern and northern slopes, 
transverse gravitational velocity structures developed and created opposite displacement 
of water. Over the southern slope convergence was produced and over the northern slope, 
divergence was produced.
The velocity convergence here described differs from the axial convergence 
modelled for the Tal-y-Cafn channel (Nunez and Simpson, 1985), and for a Gaussian 
channel (Valle-Levinson and O’Donnell, 1996) because in those works the maximum 
density was centered in the channel producing convergence at the center of the channel. 
However as an example of the versatility of the expressions (13) and (14), a bathymetry 
like the one used by Valle-Levinson and O’Donnell (1994, their figure 1), was used to 
find the structure for u and v (Figure 22). To simulate the maximum densities at the 
central channel, the prescribed values of the longitudinal and lateral density gradients, 
were based on the typical along-channel density gradient as in the previous case, 
modulated by a parabolic function h(y) fluctuating between h(0)=0, h(B)=0. and 
h(B/2)=\, where B is the width of the channel. The lateral density gradient was chosen 
one order of magnitude lower than the longitudinal density gradient, to be consistent with 
observations.
Figure 22a resemble the mean flow found by Valle-Levinson and O’Donnell 
(1996) from numerical experiments and consisted of seaward flow over the shallow 
region, and inflow in the channel. Weaker transverse velocities (~5 cms'1) compared to
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
87
the longitudinal velocities (~15 cms'1) resulting from the magnitude of the lateral density 
gradient, which was weaker to that used in the numerical experiment. The transverse 
velocity (figure 2 2b) showed two cells of circulation on each side of the channel and two 
zones of surface convergence over the slopes of the channel, produced by heavy water 
moving out the channel and light water replacing it. In consequence divergence is 
observed in the middle of the channel. This pattern of transverse circulation is due to the 
assumption that the transverse density gradient is independent of z and differs from the 
results of Valle-Levinson and O’Donnell (1994), where a vertical as well as transverse 
density structure was used. Maximum velocities occurred near the surface, and at the 
center of the channel (figure 22c).
6.2.2 Density gradient and Coriolis solution
For estuaries wide enough for rotational effects to be important, equation (3) is 
a good linear approximation to the lateral dynamic balance (cf. Pritchard, 1956). while 
for sake of simplicity the along-channel balance (equation 2) is kept unaltered. This 
simplification seems to be justified by the relatively weak density-driven transverse 
velocity compared to the density-driven longitudinal velocity observed tor the 
Chesapeake Bay Entrance. The solution of (13) is used to find the expression for the 
transverse velocity, therefore, after plugging (13) in (3), integrating twice, and applying 
the conditions (4), (5), and (7), the transverse velocity is expressed as
v= - ^ ^ [ 9 - r ( C 2-FV8(CnF3) 1-48py4. l3 
Az 4 / 3
( 9 ^ ^ - 4 F 3+ | i - ^ - ^ ) ( £ 2- F 2) + | ( C 5+ F 5)] (15)
^3 3 * 3  ^
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Figure 22. Analytical solution as in Figure 21, but for a central Channel as 
in Valle-Levinson and O’Donnell, (1994). Longitudinal density gradient Gx= 
1x10“*, decreasing from the center to the sides in a parabolic form. Velocity 
a) longitudinal, contours every 5 cms'1; b) transverse, contours every 0.5 
cms' 1 c) vectorial.
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where D= g
4&4,p
Now the transverse velocity solution consists of a contribution by the lateral density 
gradient plus a contribution from rotation. Because the longitudinal velocity is function 
of the y-coordinate, its structure reflects the effect of bathymetry.
Figure 23, shows the new across-channel velocity solution. As expected, the 
magnitude of the transverse velocity (Figure 23a) is modified by the contribution of the 
Coriolis term, in consequence the magnitude of u and v became comparable. The 
transverse velocity resembled the structure of the velocity of the previous case (Figure 
23b), but the magnitude and vertical stretching of the cores of velocity produced marked 
lateral velocity shears. At the center of the Chesapeake Channel, a core of maximum 
velocity (~ 20 cm s1), toward Fishermans Island, appeared close to the surface. This is 
owing to the rotational effects that deflect flow into the bay toward Fishermans Island 
and overwhelm the density forcing which tends to move water in the opposite direction 
as can be seen from Figure 21. The core near the surface is due to faster longitudinal 
velocities near the surface than at the bottom, as they are less affected by friction. Over 
the slopes of the Chesapeake Channel, the North Channel and the flat zone, velocities 
were about 5.0 cms' 1 toward Cape Henry, in contrast to the velocities without Coriolis 
effect which were toward Fishermans Island (Figure 21). The vectorial representation of 
the velocity (figure 23c) shows that the addition of the Coriolis term modifies the zones 
of convergence and divergence: convergence was observed over the southern flanks of 
the channels and over the northern slope of the Chesapeake Channel, while divergence 
occurred over the northern shoulders of the channels and over the southern slope of the 
Chesapeake Channel. Convergence over the southern side of the channel was produced 
by stronger southeastward velocities entering in the shallower, more frictional zone. Over 
the northern sides of the channels the pattern was the opposite with faster southeastward 
velocities in the channels diverging from the slower velocities over the flanks. Over the 
northern slope of the Chesapeake Channel, convergence was produced by seaward 
velocity over the slope and inward velocity at the center of the channel, as both Hows 
were deflected by Coriolis acceleration. Divergence over the southern slope was 
produced by similar motions of water, i.e. seaward over the southern slope, and inward
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Figure 23. Analytical solution, equation (15). Longitudinal density gradient 
G x = lx l0 '3 ; transverse density gradient Gy=1.2xl0‘4 . Velocity a) transverse, 
contours every 5 cm'1.
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in the center of the channel. The weak velocity observed over the flat zone was also a 
result of the opposite effects of the density driven velocity and the Coriolis induced 
velocity (compare with Figure 21).
6.2.3 Laterally variable density gradient
In this section the velocities produced by the lateral density distribution on neap 
and spring tides is investigated. It is reasonable to expect that both the along-channel 
density gradient and the across-channel density gradient change across the bay entrance 
because the flow exhibits transverse variability. A realistic approach to the lateral 
distribution of density would be to use the vertically integrated lateral density gradient 
and interpolate it to regular intervals Ay  (Figure 24), to estimate the across-channel 
velocity component. The density gradient was calculated as a backward difference 
starting from the origin at Cape Henry. Positive density gradients indicated density 
increases toward Fishermans Island. The transverse density gradient was negative in the 
first 2 km from the origin, due to the core of fresh water usually slightly separated from 
the southern side of the bay entrance. Farther to the north, density generally increased. 
During neap tides, the interpolated transverse density gradient showed a gentler slope 
than during spring tides; this was more apparent for the southern side of the bay 
entrance. The along channel density gradient was modified consistently with the 
transverse density gradient, to produce a similar lateral structure.
For sake of brevity only the vertically integrated density gradient of 
September/30-Oct/01/1998 (Figure 24c) and September/17-18/1997 (Figure 24d). were 
used to show the respective neap and spring tidal velocity structures. In spring tides, near 
Fishermans Island the density gradient was negative, due to the presence of relatively 
light water at the northernmost side of the bay entrance. Figures 25 and 26 show the 
along-channel and the across-channel velocity components given by equations (13) and 
(14), according to the neap and spring tides density gradients. In general the solution for 
it (Figures 25a and 26a), and v (figures 25b and 26b) showed little differences from neap 
to spring tides. Longitudinal velocities were slightly stronger over the southern shoulder 
of the Chesapeake Channel, and in the North Channel (“ 15 cms"1) during neap tides than 
during spring tides. Stronger velocities during neap tides in the North Channel is a
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Figure 24. Interpolated vertically integrated transverse density gradient in 
kgm-4. Diamonds: estimated from observations. Dashed line interpolation.
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consistent feature with the observations described in section 5. In contrast longitudinal 
velocities over the flat zone were weaker for neap than for spring tides (<5 cms'1)- No 
major differences in the longitudinal velocity were detected in the Chesapeake Channel. 
As expected, this small changes from neap to spring tidal conditions are hardly detected 
in the transverse velocity structure. Slight increase in velocity occurred in North Channel, 
and near the bottom, over the slopes of the Chesapeake Channel. The velocity vectors 
(Figure 25c), help to illustrate that near the bottom in the middle of the Chesapeake 
Channel, the neap tides transverse velocity had a stronger component toward Fishermans 
Island than during spring tides, also suggested that convergences over the northern slope 
of the Chesapeake Channel were stronger for neap tides. This suggest that during neap 
tides, near the bottom in the Chesapeake Channel, Coriolis acceleration dominated over 
the density gradient, deflecting more clearly the velocity toward Fishermans Island. Over 
the flat region the transverse velocity was toward Cape Henry, during neap tides (not 
visible in the figure), and seaward during spring tides. This suggests that during neap 
tides, Coriolis acceleration dominated over the transverse density gradient, deflecting 
southward the flow off the bay, while during spring tides the increased transverse density 
gradient matched the Coriolis acceleration and the flow was seaward.
6.2.4 Runoff and wind forcing solution
By modifying boundary conditions (4) and (6), the forcing effects of river runoff 
and wind stress can be incorporated to the solution for u and v.
Redefining (4) and (6 ) as
where Tj is the wind stress component in the jc and y directions (/= 1,2) in Pascals and 
R is the river discharge in m V 1. Condition (4a) warrants that the vertical shear at the 
surface will be proportional to wind stress and condition (6a) warrants that the net flux
(4a)
(6a)
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v = v g + u c  c m s
Gy a s  fu n c t io n  o f  y  S e p t  n e a p s
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Figure 25. Analytical solution, equations (13) and (15). Longitudinal density 
gradient Gx=lxlO '3+(Gy)-Gy; (Gy) is the sectional mean of the transverse 
density gradient Gy as observed in Figure 24c, neap tides. Velocity contours 
a) longitudinal, b) transverse every 5 cms'1; c) vectorial velocity.
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Figure 26. Same as Figure 25, Gy as in Figure 24d, spring tides.
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in the longitudinal direction equals the river flux. After applying conditions (4a), (5), and 
(6 a) to expression (9) the sea level slope is:
3A R  G H l .  3xJ,1 = ------£— - —— max 4 +-------- 22—  (16)
S H \ J 3 8 p l3 2gpHmJ 3
Therefore, the along-channel velocity component is expressed as
4SAzp l3 pAz 413
3 R  (C2- F 2) (17)
2 HmJ 3
Now the along-channel velocity component will contain the terms of the longitudinal 
density gradient, wind stress, and river discharge; all of them as part of the Coriolis 
induced velocity and as function of the bathymetry.
After substituting (17) in (3), integrating, and applying conditions (4a), (5) and (7), the 
transverse velocity is expressed as
48 p Az l3
^ n 2max( ^ [ ^ ( C - f - 4) ~ ( C - - F 2)l+8[±(C5+F5)+^-(C--F2)i- /•) 12 2 20 2
^ 7 ^ 2 2 /4/5 
213 3 513
- ^ T 55^ T ^ 4- F ^ - ^ 2- F 2) ^ « 3+F 3) + pAz 413 12 2 6
| ( C 2- f 2) - ( - ^ f  -2 ^ - K C - - F 2))*
2  1613 10 r-3
^ ^ ( [ ^ c c 4 - f 4) - ^ c r - F 2)] ^ ( ( 2 - f 2»]+
(18)p A z 413
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The transverse velocity equation therefore consists of across-channel density gradient, 
the rotational term, which implies all the terms of the longitudinal velocity found in (17), 
i.e. lines 2 through 6 , and the component of the wind stress along the y-component.
The magnitude of the terms on the right-hand side of equations (17) and (18) can 
be compared by evaluating the magnitude of the coefficients of proportionality times the 
range of variations of the functions associated with them (Table 7), where the range of 
the functions correspond to estimations made at F(y)=1, assuming wind speed of 6 nts' 1 
and a river discharge of 2200 m 'V 1. The estimation of the wind stress was made by 
taking the expression given by Gill (1982): ^=CDpaw z , where p #and w are the air 
density and the wind speed. The drag coefficient (CD) is given as Co = 1.1jc10‘3 for u- < 
6.0 m s1, and CD =(0.61 +0.063w)xlO'3 for 6 ms' 1 < w < 22.0 m s'1; therefore the wind 
stress is t x=0.063 Pa. Table 7 shows that the most important component in equation (17) 
is the along channel density gradient, given the relatively weak wind (6 ms'1) and a river 
discharge close to the annual mean. The Chesapeake Bay, however may experience 
strong wind forcing conditions and the contributions from t x and R may become 
important. The sensitivity of this solution to different wind and river forcing and 
bathymetry is worth exploring, but it will be done in the future. Here only the sensitivity 
of the solution to a limited number of wind forcing scenarios is explored.
Valle-Levinson (1995) observed that fluctuations of temperature and flow and 
therefore of the water exchange in the lower Chesapeake Bay, were apparently caused 
by a combination of wind events and the gravitational circulation modulated by the 
spring-neap tidal cycle. Later, Valle-Levinson et al., (2001) observed that the most 
efficient flushing of the bay is produced by NW wind >12 ms'1. If it is assumed that for 
the along-channel velocity, the wind driven velocity (Table 7, second row, third column), 
is about the maximum magnitude of the density-driven velocity (Table 7, first row, 
fourth column), then
^ ^ 2 *  (0.34) =0.37,
P A z
it would imply that should be about 1.0 Pa, which is a stress produced by wind speeds 
of about 21 m s'1. Thus, the effects of the along-channel density gradient would be 
nullified for these wind conditions. If now it is assumed that the surface slope expressed
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in terms of the river discharge equals the maximum gravitational velocity (Table 7, first 
row, fourth column), i.e.
Table 7. Magnitude of the coefficients, range of the functions and maximum magnitude 
of each of the terms in equations (17) and (18), assuming Az=0.025 n rs '1, GX=1.I1 x 1 O'-’ 
kgnr4, Gy= 1.25x1 O'4 kgm4, -,=-,=0.063 Pa, R=2200 mV1, p = 1020 kgm'3, and f=8.7X10‘
Coefficient (ms1)
range of the 
function
maximum 
magnitude (m s1)
1st term equation (17) 0.21 0-1.76 0.37
2nd term equation (17) 0.07 0-0.34 0 .02
3rd term Equation (17) 0.05 0 - 1.0 0.05
1st term equation (18) 0.02 0-1.76 0.04
2nd term equation (18) 0.61 0-0.46 0.28
3rd term equation (18) 0.21 0-0.78 0.16
4th term equation (18) 0.16 0-0.15 0.02
5lh term equation (18)______ 0.07____________ 0-0.34___________0.02
3R =0.37,
2  HmaxLm a x  J
where for the bathymetry used, /,= 142l m, it would imply a river discharge of about 
15200 m V , to nullify the effects of the longitudinal density gradient. This value greatly 
exceeds the maximum range of discharge of the Susquehanna River (about 6750 rnV1) 
documented by Schubel and Pritchard (1986), for the month of March (monthly average 
flows 1929-1984). According to this result, the maximum river discharge from the 3- 
month running average of about 4000 mV1, would produce a maximum velocity of about 
0.01 m/s, which is 37 times smaller than the density gradient contribution.
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In equation (18), the most important terms to the transverse velocity come from 
the contributions implied in the Coriolis term, specifically the part that corresponds to 
the along-channel density gradient and that due to the along-channel wind velocity 
component. The part corresponding to the longitudinal wind component is an order of 
magnitude larger than the contribution in equation (17), due to its direct cubic relation 
to the maximum depth and its inverse relation to the square viscosity coefficient.
6.2.4.1 River runoff and wind experiments
An experiment assuming t x=0 and Ty=0, i.e. considering only the addition of 
river discharge to the solution (17) and (18) was performed for completeness using the 
mean river discharge of September of about 990 m V 1 (1951-1998, 3-month running 
average), and the density gradients of September. The results of this exercise, as 
expected, were not significantly different from those without river discharge (Figure 23) 
and they are not presented.
Different experiments performed to analyze the contribution of wind to the local 
circulation at the bay entrance are summarized in Table 8 . Essentially they consist of 
experiments with weak wind (6  ms'1) and strong wind (15 ms'1) from eight different 
directions: NW and SE, which represent wind blowing longitudinally, and SW and NE. 
directions which represent the wind conditions most frequently found during the 
observations. In all the analytical solutions the longitudinal and lateral density gradients 
were as in neap tides. It was assumed that R=0.
Cases 1 and 2
The solutions for northwesterly and southeasterly wind (6 ms'1) are presented in 
the Figures 27 and 28 respectively. Wind of 79° (northwesterly), implies wind blowing 
seaward, parallel to the along-channel direction. Wind of 259° (southeasterly), implies 
wind blowing into the bay, parallel to the along-channel direction. As it could be 
expected from the magnitude of each term in (17) and (18), the resulting structure of 
velocity in each case was not very different from the case without wind (Figures 25 and 
26). Velocities throughout the bay entrance were toward the SE, except at the center of
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Figure 27. Analytical solution, equations (17) and (18). Longitudinal density 
gradient Gx=lxlO'3+(Gy)-Gy; (Gy) is the sectional mean of the transverse 
density gradient Gy as observed in Figure 24d, spring tides. NW wind of 6 
ms'1. Velocity contours a) longitudinal b) transversal, every 5 cms'1; c) vec­
torial
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Figure 28. Same as Figure 27, except SE wind 6 ms'1.
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the Chesapeake Channel, where they were toward the NW. That is, despite the fact that 
in one case the wind was southeasterly, the predominant effect of the along-channel 
density gradient resulted in seaward flow. The wind effect, however, slightly modified 
the structure of velocity. For northwesterly wind the characteristics of the solution 
without wind (Figure 26), were almost unaltered. On the other hand, for southeasterly 
wind the flow structure was closer to that described for neap tides (Figure 25).
Table 8 . Wind conditions used in the analysis. Direction is from the North.
case Direction Magnitude
(m s1)
wind
stress (Pa)
Comments
1 79° 6 0.063 NW wind
2 259° 6 0.063 SE wind
3 79° 15 0.43 NW wind
4 259° 15 0.43 SE wind
5 150° 6 0.063 SW wind
6 300° 6 0.063 NE wind
7 150° 15 0.43 SW wind
8 330° 15 0.43 NE wind
Cases 3 and 4
The solutions for increased northwesterly and southeasterly wind (15 m s'1) are 
presented in Figures 29 and 30 respectively. For northwesterly wind the along-channel 
velocity structure, although similar to the case of northwesterly wind of 6 ms'1, had 
stronger longitudinal velocities throughout the bay entrance (Figure 29). At the center 
of the Chesapeake Channel the velocity into the bay was up to 55 cm s1, while over the
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flanks and over the North Channel, the seaward velocity was up to 25 cm s'1. Over the 
flat region, the velocity was about 15 c m s1. In contrast, the transverse velocity (Figure 
29b), changed little, because of the small magnitude of the longitudinal wind contribution 
through the Coriolis term. Therefore, the zones of convergence and divergence were 
found, as in the previous cases, over the northern and southern slopes of the Chesapeake 
Channel respectively and over the shoulders of the two channels (Figure 29c).
The structure of velocity was significantly altered for southeasterly wind. In this 
case the longitudinal velocity (Figure 30a), showed surface inward velocities over the 
shallow regions and at the center of the channel. Over the southern side of the bay 
entrance, where the longitudinal density gradient was weaker, inward velocities occupied 
the whole column. Seaward velocities occupied the flanks of the Chesapeake Channel 
and the North Channel. In this case the maximum seaward velocity was found almost 
at mid depth, indicating that at the surface the velocity was wind-driven. The effect of 
the longitudinal wind on the transverse velocity was reflected in a slightly modified 
structure (figure 30b), which consisted of stronger transverse velocities over the channels 
and practically null velocities over the shallow regions, except over the southern side of 
the bay entrance where the transverse density gradient produced velocities toward Cape 
Henry. No major changes were apparent in the position of the convergence and 
divergence zones, however they were weaker due to the weaker longitudinal velocities. 
Velocity vectors (figure 30c) indicated that, for this kind of wind conditions, the flow 
at the Chesapeake Channel was divided in northwestward and southeastward velocities, 
while at the North Channel the velocity was southeastward.
Cases 5 and 6
Southwesterly and northeasterly winds with magnitude of 6 ms' 1 (Figures 31 and 
32) were the conditions most frequently found during observations. As expected, no 
modifications occurred to the longitudinal velocity component (Figures 31a and 32a) 
from the small changes in the magnitude of the wind forcing along this direction, as can 
be compared from the case for no wind forcing (Figure 25) or northwesterly wind of 6 
ms' 1 (Figure 27). The inclusion of a direct wind forcing effect on the across-channel
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Figure 29. Same as Figure 27, except NW wind 15 ms'1.
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Figure 30. Same as Figure 27, except SE wind 15 ms"
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component (fifth term on equation 17, figures 31b and 31b) was mainly reflected over 
the flat, shallow region. Northeastward velocities developed when southwesterly wind 
acted in concert with the longitudinal density gradient (figure 31c). Southeasterly 
velocities developed for northeasterly wind forcing (figure 32c). In this case the wind 
forcing was unable to overcome the opposite effect of the longitudinal density gradient.
Cases 7 and 8
Figures 33 and 34 show the results for southwesterly and northeasterly wind of 
15 ms'1. For southwesterly wind forcing, the longitudinal velocity component (Figure 
33a) did not differ from the case of longitudinal wind of 6 ms' 1 (Figure 31) except that 
the reduced magnitude of the longitudinal wind component produced weaker along 
channel velocities. Typical values were about 40 cms' 1 in the middle of the channel and 
about 10 cms' 1 over the shallow region. The transverse velocity structure (Figure 33b) 
instead was more complicated: over the shallow region and the surface in the North 
Channel, wind forcing produced velocities toward Fishermans Island. In the center of the 
Channel however, the transverse velocity was produced by Coriolis and wind forcing. 
Over the flanks of the Chesapeake Channel and near the bottom of both, the Chesapeake 
Channel and the North Channel, the transverse velocity was toward Cape Henry. This 
transverse velocity reflected the response to the transverse density gradient, the Coriolis 
acceleration and the condition of net zero transverse velocity. In consequence, 
bidirectional transverse flows occurred in both channels. As a result of the windward 
transverse velocity direction, additional zones of divergence and convergence were 
created at the southern and northern shoulders of the Chesapeake Channel (Figure 
33c).The conditions for northeasterly wind (figure 34), show that the opposing effects 
of the longitudinal density gradient and the wind forcing reduced the magnitude of the 
along channel component (figure 34a) relative to conditions of southwesterly wind of the 
same magnitude (figure 33a). Similar to southwesterly wind conditions, the longitudinal 
velocity over the southern side of the bay entrance was into the bay over the whole water 
column and in the center of the Chesapeake Channel, while seaward in the rest of the 
bay entrance. Weaker transverse velocities (figure 34b) were also observed as a result 
of weaker Coriolis-induced velocities. Over the southern side of the bay entrance.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
De
pt
h 
(m
)
107
u = u g i-u w  c m s ’ 
G x + < G y > -G y  S e p t  s p r in g s  
Az= 2 .5 e - 0 2  m * s '‘ 
w ind: SW 6 m s"1 
r ,=  6 .7 e —03 P a
- 2 0
-3 0
UC +
Gy a s  fu n c tio n  o f  y  S e p t  s p r in g s
5 .6 e —02 P a
-5
-  10
_>> 30 .0  c m s  ‘
u p w a rd  a r ro w s :  in 
d o w n w a rd  a r ro w s :  o u t
-  15
- 2 0
- 2 5
-3 0
6 0 > 10 D istance  (km ) 12o
o 4 14
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transverse velocities were stronger as consequence of the transverse density gradient and 
the direction of the wind forcing. In consequence northeasterly wind conditions produced 
southeastward velocities south of the center of the Chesapeake Channel, the northern 
shoulder of the Chesapeake Channel, and the North Channel. At the center of the 
compensation flow Coriolis prevailed and velocity was northwestward (figure 34c). 
Therefore, the convergence and divergence zones were unaltered.
6.3 Summary
A linear analytical solution for the local longitudinal and transverse velocity has 
been developed to analyze the isolated effects of the different forcing mechanisms on the 
lateral structure of velocity throughout irregular bathymetry. The solution is flexible in 
the sense that there is no restriction in the form of the analytical bathymetry as long as 
it is a continuous function, therefore, it can be applied to different estuaries. The 
solution, although linear, resembles the main features of the flow observed in the 
Chesapeake Bay entrance. The subtidal longitudinal velocity consisted of seaward flow 
over the shoals and North Channel, and a compensating inflow at the center of the 
Chesapeake Channel. The structure of the flow in Chesapeake Channel resembled that 
found for estuaries of triangular section (Wong, 1994; Friedrichs and Hamrick, 1996; 
Kasai et al., 2000). The transverse velocity had similar structure to that of the 
longitudinal velocity, it consisted of a core of velocity toward Fishermans Island at the 
center of the Chesapeake Channel, and two cores of velocity toward Cape Henry over 
each side of the channel. In general the vectors of velocity tend to be northeastward at 
the flanks of the Chesapeake Channel, the flat zone and the North Channel in absense 
of Coriolis acceleration and wind forcing, in accord with an increasing density toward 
Fishermans Island. Two main convergence and divergence zones would occupy the 
southern and northern flanks of the Chesapeake Channel, respectively, as result of the 
opposite transverse gravitational velocities. When Coriolis is included, and the lateral 
structure of the longitudinal velocity deflected, the pattern of transverse circulation is 
inverted: velocities over the flanks of Chesapeake Channel, the flat zone and North 
Channel become toward Cape Henry and in the center of Chesapeake Channel velocities 
become toward Cape Henry. The inclusion of the Coriolis acceleration causes that the
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regions of convergence and divergence to swap locations and intensify; now the 
convergence and divergence zones are found in the northern and southern flanks of the 
Channel respectively. This suggests that for weak longitudinal velocities there will be a 
tendency to observe different patterns of distribution of convergence and divergence in 
the Chesapeake Channel than for strong subtidal velocities. In the North Channel the 
direction of velocity was very stable for most of the experiments, this persistent 
southeastward flow is consistent with the direction of velocity regularly observed in the 
North Channel.
Results from the analytical experiments indicate that the main forcing mechanism 
in the along-channel direction (equation 17), is the longitudinal density gradient. A 
longitudinal gradient of 1.1 lxlO'J kgrrC, the typical density gradient between a point near 
Gloucester and the bay entrance in September, will be the dominant forcing for wind 
speeds below 21 ms'1. The contribution of the surface slope due to river runoff is of little 
importance considering the range of variation of river discharge observed in the 
Chesapeake Bay. For a transverse density gradient one order of magnitude lower than 
the longitudinal density gradient, as assumed in this study, the most important forcing 
mechanism in the transverse direction (equation 18), is the Coriolis term. This includes 
the linear contribution of the longitudinal density gradient, the wind stress in the along 
channel direction and the river discharge. Within the Coriolis term, the part 
corresponding to the along-channel density gradient is the most important, followed by 
the contribution of wind, which is about two times smaller. The importance of the along- 
channel wind stress (xx) increases in the transverse balance through the Coriolis term 
(equation 18, term 3), by about nine times. This makes the transverse velocity component 
more sensitive than the along-channel velocity to wind forcing. This result reflects the 
cubic dependence of the stress-induced ( t x) contribution on the cubic maximum depth 
and the inverse relation with A2Z in the Coriolis expression (equation 18).
Model results showed that during neap tides longitudinal velocity in the North 
Channel was stronger for neap than for spring tides, consistent with observations, but in 
the flat region velocities were stronger for spring tides. In the Chesapeake Channel 
changes in velocity were detectable near the bottom in the middle of the Channel. There, 
velocities in direction of Fishermans Island indicated that during neap tides the effect of 
Coriolis dominated over the density forcing. In general the differences between spring
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and neap tides were weak possibly related with sub-estimation of the prescribed 
longitudinal density gradient and the high eddy viscosity velocity used here.
Over the flat zone of the bay entrance, Coriolis acceleration and the transverse 
density gradient are closely in equilibrium. The effects of wind with speed < 6 ms 1 on 
the lateral structure of velocity are evident only for the transverse velocity component. 
Wind speed > 15 ms'1, can produce a compensating inflow in the North Channel and 
produce clear changes in the transverse velocity structure.
The limitations of the model used in this study come from the assumption of 
linearity, which in the previous section has been shown to be restrictive; constant 
viscosity coefficient; the assumption that the transverse velocity is modified by the 
longitudinal velocity, and that the longitudinal velocity is independent of the transverse 
velocity component. Nonetheless the results are satisfactory in the sense that they 
reproduce the main features of the lateral structure of velocity observed in the 
Chesapeake Bay entrance: seaward flow over the flanks of the Chesapeake Channel and 
North Channel, inward flow in the center of the Chesapeake Channel, velocities toward 
Cape Henry over the flat region, and southeastward velocities in the North Channel. It 
also depicts the main zones of convergence and divergence observed at the bay entrance.
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The lateral density and velocity structures at the Chesapeake Bay indicate 
different responses to tidal and subtidal perturbations. In both tidal and subtidal scales, 
bathymetry and stratification were the most important factors for differentiation. The tidal 
parameters: amplitude and phase of the semidiurnal and diumal harmonics reflected the 
influence of bathymetry, buoyancy conditions and fortnightly variability. Through the 
bay entrance the variation of the amplitude and phase was nearly vertical for high 
buoyancy conditions, for low buoyancy conditions the structure of amplitudes and phases 
was nearly lateral. Neap and spring tides distributions varied around these two main 
patterns: during neap tides amplitude and phase structures tended to be vertical, during 
spring tides the distribution tended to be lateral. Tidal circulation was anticvclonic 
through the Chesapeake Bay entrance, except for below the 10 m depth in the 
Chesapeake Channel, where circulation was cyclonic. This change in the sense of 
rotation of velocity is indicative of a dissociation of the upper and lower layers as result 
of reduction in the vertical eddy viscosity coefficient due to stratification. Both the 
Chesapeake Channel and the North Channel had similar along-channel amplitudes, 
suggesting a higher mixing energy in the North Channel. Bathymetry and buoyancy 
conditions were also influential for the formation of surface density gradients and 
velocity convergence. A transverse density gradient associated to the limits of the 
buoyant water plume generally appeared over Middle Ground Shoal, around 8 km from 
Cape Henry, and moved according to ebb (northward) and flood (southward) conditions. 
The transverse density gradient was more evident for springs than for neaps, and also for 
high than for low buoyancy conditions. Velocity convergence was related to this 
transverse density gradient, and it also intensified around the ebb, in response to the 
maximum contrast in properties between the southern and northern sides of the bay 
entrance. This convergence was more intense for high buoyancy conditions than for low 
buoyancy conditions, in contrast to bathymetric convergence. The zones of convergence 
due to bathymetry alternated from the northern shoulders of both the Chesapeake 
Channel and the North Channel near the end of the flood, to the southern shoulders of 
the two channels near the end of the ebb. Convergence was more intense for spring tides 
than for neap tides conditions and also for low buoyancy than high buoyancy input
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conditions due to the weakening of stratification, which normally isolates frictional 
effects from the bottom. An analysis of the dependence of convergence as function of 
the amplitude and bottom slope indicated that bathymetric-induced convergence should 
be more sensitive to bathymetry during spring tides than during neap tides, as result of 
larger tidal amplitudes. Tidal velocity and density produced in the two channels produced 
clear but different response in stratification between neap and spring tides. In the 
Chesapeake Channel fortnightly variability manifested with stronger stratification during 
spring tides, in contrast in the North Channel, stronger stratification corresponded to neap 
tides.
The subtidal density and velocity fields, grouped for similar buoyancy input and 
wind forcing conditions suggest a consistent fortnightly variation in a) stratification, bj 
transverse structure of along estuary flow, and c) transverse flow. Stratification estimated 
from the subtidal density field suggested a similar pattern to that observed from the 
intratidal results: stronger stratification in the Chesapeake Channel compared to the North 
Channel and an apparent dependence on neap and spring tides. In the North Channel the 
density field and the potential energy anomaly indicated stronger stratification during 
neap than during spring tides. This resulted in larger horizontal density gradients between 
the Chesapeake Channel and the North Channel in spring tides relative to neap tides, 
which in consequence increased the transverse baroclinic density gradients. In general 
the structure of the along channel velocity field in the Chesapeake Channel approached 
the structure of a triangular section for which friction is at least as important as Coriolis 
accelerations: seaward flow over the sides of the channel and an inflow in the center of 
the channel (Wong, 1994; Kasai et a i, 2000). During low buoyancy input conditions, the 
core of the inward flow could reach the surface and even create a nearly lateral structure 
with outflow over the southern side of the channel and inflow over the northern side of 
the channel. During high buoyancy input conditions the core of inward velocity was 
restricted to the lower reaches of the water column indicating that stratification 
predominated over velocity shear or that Coriolis acceleration dominated over friction. 
Stronger along-channel velocities occurred during spring tides compared to neap tides 
in the Chesapeake Channel in order to maintain the transverse dynamic balance resulting 
from increased transverse velocities. However, the vertical structure of the velocities did 
not exhibit obvious fortnightly modulation. Possibly an increase of the gravitational
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circulation in the Chesapeake Channel during spring tides (similar to that of high 
buoyancy conditions), tends to isolate the core of inward velocity from the surface, 
despite of an increase in vertical friction. In the North Channel, the structure of the 
longitudinal velocity usually consisted of a surface core of seaward velocity decaying 
with depth, and strong longitudinal velocity coincided with strong stratification during 
neap tides. In the shallow regions: Middle Ground and Six-Meter Shoal velocity was 
generally into the bay despite of wind conditions. The transverse velocity was 
consistently toward Cape Henry. Some variations to that pattern, however occurred in 
the Chesapeake and North Channel. Consistent with the density contrast between 
Chesapeake Channel and North Channel, and with the subtidal transverse baroclinic 
pressure gradient; transverse velocities were stronger during spring tides relative to neap 
tides, even for southwesterly wind conditions, which suggest that velocities responded 
to the transverse baroclinic pressure gradient.
Subtidal velocity results are innovative in two aspects: 1) they show that as 
consequence of different responses of the Chesapeake Channel and the North Channel 
to fortnightly forcing, stronger transverse flows are observed during spring tides, when 
transverse baroclinic gradients are also stronger. 2 ) they show that transverse variability 
of flow and density due to bathymetry may favor the enhancement of the along-channel 
flow during spring tides. These results contrast with previous results found in narrower 
systems (e.g. Haas, 1977; Huzzey, 1988; Valle-Levinson et al., 1999).
Results from the analytical model were consistent with the observed subtidal 
velocity. The transverse velocity had similar structure to that of the longitudinal velocity: 
core of velocity toward Fishermans Island at the center of the Chesapeake Channel, and 
two cores of velocity toward Cape Henry over each side of the channel. The inclusion 
of the Coriolis acceleration in the solution of the transverse velocity inverted the 
transverse circulation pattern obtained without Coriolis acceleration: velocities over the 
flanks of Chesapeake Channel, the flat zone and North Channel become toward Cape 
Henry and in the center of Chesapeake Channel velocities become toward Cape Henry. 
In consequence, the regions of convergence and divergence also switched location and 
intensified. The convergence and divergence zones under Coriolis effects are found in 
the northern and southern flanks of the Channel respectively. This suggests that for weak 
longitudinal velocities there will be a tendency to observe different patterns of
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distribution of convergence and divergence in the Chesapeake Channel than for strong 
subtidal velocities.
According to this model, the main forcing mechanism in the along-channel 
direction is the longitudinal density gradient, while the contribution of the surface slope 
due to river runoff is of little importance. The most important forcing mechanism in the 
transverse direction is the Coriolis term, which includes the linear contribution of the 
longitudinal density gradient, the wind stress in the along channel direction and the river 
discharge. Within the Coriolis term, the part corresponding to the along-channel density 
gradient is the most important, followed by the contribution of wind. The along-channel 
wind stress ( t x) resulted more important for the transverse velocity than for the along 
channel velocity due to its cubic dependence on the maximum depth and its inverse 
relation with the eddy viscosity coefficient, in the transverse velocity Coriolis term. 
Small differences between neap and spring tides were detected in the estimated velocity, 
however, the main differences occurred 1) in the North Channel where stronger velocities 
were detected during neap tides, and 2) near the bottom in the middle of the Chesapeake 
Channel, where Coriolis effects dominated over the density gradient during neap rides. 
The weak neaps-springs differences are credited to sub-estimation of the prescribed 
longitudinal density gradient from neap to spring tides and to the high eddy viscosity 
velocity. Wind stress from winds below 6 ms' 1 produced small changes in the transverse 
structure of velocity. In contrast wind speeds > 15 m s'1, can produce obvious changes 
in the transverse velocity structure. Despite the limitations of the model, results tire 
satisfactory in the sense that the main features of the lateral structure of velocity 
observed are reproduced. Also the model is able to depict the main zones of convergence 
and divergence observed at the bay entrance. Additionally, the model is flexible in the 
sense that any analytical bathymetry can be used.
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ANALYTICAL SOLUTION
Applying the boundary conditions (4) and (5) to (9)
Ct= 0
„  - g l j l 2 g G M 3C,=- ( A .  1)
2 A Z 6 p A z
Where HsH(y). Replacing C, and Q  in (9), the condition (6 ) is
f  B f ' Hudydz= f  B f  -h[ ^ ( z 2 - H 2) — ^ - ( z 3+H*)]dydz=Q 
Jo Jo Jo Jo 2a 6 o A
or
f B f  ~Hu d y d z =gI x H  -maI^ J + S G J f 4mJ 4 =Q (A2)
Jo Jo 3AZ S p A z
where
ln= [ BF " d y
Jo
ln is an expression that can be evaluated numerically. From this expression we obtain 
(11), which now can be replaced in (9) to obtain (13). The solution (14) is obtained in 
a similar way, using condition (7) instead of (6 ).
Inclusion o f the Coriolis acceleration in the transverse component
By replacing the value of u in (3), the balance becomes
A ,  A zp A z I,
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Integrating two times and applying the conditions (4), (5)
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v_g/yZ g < V 3 
2AZ 6 A o
fD  L  z 4 F 2z 2 z 5 F 3z 2— [9—(— ?----- +8 (— 5----------------+-£-?-)] +C,z+C\
V  V l 2 t f 2 2 20ff3 24 -> m a x  m a x
c 3= o
C 8 ! £ _ _ g G £ _ j p  ( ,  H \  , _ F ^  8 _ - ^
2AZ 6Azp Az /, 12/ f 2max 2 20 / / 3max 2
Replacing C4 in (A.4), and applying condition (7)
r - r  ~H\’dydz~ maX^J ^ max^  fD H  max r  ^6  = q
Jo Jo * 3Az SpAz Az 3 513
solving for Iv and plugging into (A.4)
v=‘* , ^ T H£[7 T ( _ r _ ' f 4 )"
m a x
where vg is equal to (14).
Inclusion o f wind stress and runoff 
By applying condition (4a) to (9) 
K = |i ( Z 2- t f 2) - - f % ( z 3+/ / 3) + -^ -(z + /f)
2AZ 6pAz pAz
(A.4)
(A.5)
(A.6 )
(A.7)
(A.8 )
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in applying condition (9), should be noticed that the double integral of the first two terms 
is already given by (A.2), therefore
f Bf  ~Hudydz= 8lxH3^ 3 + 8.G^ 1 ^  W *  =q (A.9)
Jo Jo  7  3A z 8pA z 2pA z
solving for Ix and replacing in (9)
, 2
u = u g + - ^ [ ^ ^ ( - ± r - - F - ) + ( - 7^ + F )  (A J 0 )
m ax?A7 4 L  H 1r  z J  max II
where ug is equal to (13).
If the condition (A.9) is redefined as
f Bf  ' Hu d y d z = g I ^ m^ 3 + (A. i i)
Jo Jo  7  3Az 8pAz 2pAz
where the sign of R is due to the limits of the integral in z. Then, after solving for Ix and 
replacing in (9)
3 R ( z 2 
'gr 2 H I H’1max 3 n  n
—  - F  ) ( A .  12)
where ugr is equal to (A. 10). The inclusion of (A. 12) in (3), produces
cPv _g ly _ gGyz ^ 
dz2 Az Az p
- f  ( D [ 9 - ^ ( - | i -  - f 2) +8( — —  
A; h  H* H max
P A  4  1 ,  h-2 H 2H 1 t j2r  z  3 n ------ max max 3 **
Integrating two times
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2AZ 6Azp
— (D[9—(— ^ —  - f ^ l )  +8 (— ^ — +— z-) ]  + 
V  2 20H  ^ max 2
T^m,T 3 If 7 4  F 2 7 Z 7  3 F t2 — f—_£.(----±----- - K  z .)+(—z— +££_)!
?A, 4 / ,  12 H 2 2 6Hmar 2^  Z J  m a x  m a x
+
3 R z 4 F 272
- ^ r - ) +C3z+C4 (A 1 4 )2 //max/, 12H2
applying the boundary conditions (4a) and (5)
C3=—j-  (A. 15)
P^z
max
3*  (A . 16)
2 / / ^  12t f 2 2  p/L
Plugging C3 and C4 in (A. 14), and applying condition (7)
f  B  f  - H v d y d z = ? I y H 3 m **13 *  W4 + J _ ( D H 3 f l j e  _ } ^ J 1 ]  + 
Jo Jo J 3AZ SpAz Az max 3 513
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
130
V ^m axr / A . S f ,  6* / / ^  I, XyH \ J 2
pAz 5l3 24 15 l3 2AZP j
after solving for Iv and plugging into (A. 14), the solution for v is as in (18).
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